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Emergent Motor-Vocal Coordination in Pre-linguistic Infants 
Sarah Mae Sanborn, Ph.D. 
University of Connecticut, 2015 
 
In adults, speech and gesture are very much intertwined with each other, but it remains unclear 
how this connection forms in the developing infant.  Iverson and Thelen (1999) proposed that the 
speech-gesture linkage emerges between 6-9 months, when rhythmic motor movements and 
babbling are at their peak; however, few published studies have tested the speech-gesture theory. 
A major purpose of the current study is to provide support for the Iverson and Thelen theory 
using longitudinal data; in addition, this study explores how posture and social context affect 
motor-vocal coordination.  Fifteen infants were videotaped in their homes at 6, 7, 8, and 9 
months, during which they either played alone or with their mothers.  A series of 4 (Age) by 2 
(Context) repeated-measures ANOVAs revealed no significant age-related increases in motor-
vocal coordination.  However, significant age-related increases in motor-vocal coordination were 
found when focusing on unilateral (single leg or arm) rhythmic movements coordinated with 
vocalizations.  In addition, rhythmic motor movements were 4 times more likely to lead bouts of 
coordination than were vocalizations.  Last, infants were more likely to show rhythmic motor 
movements and manual-vocal coordination bouts in the upright posture than in other postures.  
Results from this study show partial support for Iverson and Thelen’s model and extend findings 
from Iverson and Fagan (2004) by showing an important role for postural support of rhythmic 
motor activity.  
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1
Emergent Motor-Vocal Coordination in Pre-linguistic Infants 
Acquisition of a new motor milestone, whether it is arm reaching or taking one’s first 
steps, results in a permanently changed world for an infant, as more affordances are provided to 
them allowing for new methods of exploration.  Additionally, advances in motor development 
can directly facilitate other domains of development, including language, cognitive, emotional, 
and social development (Campos, Anderson, Barbu-Roth, Hubbard, Hertenstein & Witherington, 
2000; Iverson, 2010).  For example, infants can produce longer and more complex vocalizations 
once they gain the ability to sit upright without support (Yingling, 1981).  Furthermore, crawling 
infants are able to explore their surroundings on their own and initiate social interactions with 
other adults, which in turn, increase their opportunities for object exploration and word learning 
(Campos et al., 2000; Gustafson, 1984).   
Although there is no claim that motor development initiates or is responsible for language 
development, some researchers argue that the practice of producing “tightly-timed” rhythmic 
motor movements helps infants produce rhythmically complex vocalizations (Iverson, 2010, p. 
238).  Indeed, rhythmic arm movements are related to earlier babbling onset (Cobo-Lewis, Oller, 
Lynch, & Levine, 1996; Locke, Becken, McMinn-Larson, & Wein, 1995), and late onset 
babbling may be predictive of later language disorders (Oller, Eilers, Neal, & Cobo-Lewis, 
1998).  
 In adults, speech and gesture are very much intertwined with each other, as evidenced by 
a wealth of neurophysiological studies (for a review, see Iverson & Thelen, 1999; Iverson, 2010).  
However, it is unclear how this connection forms in the developing infant and young child.  One 
theory holds that the speech-gesture linkage is coordinated and strengthened during the babbling 
phase of development (Iverson & Thelen, 1999).  However, few published studies have directly 
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evaluated this theory.  A major purpose of the current study is to provide support for Iverson and 
Thelen’s (1999) theory by exploring emergent motor-vocal coordination in infants between 6- 
and 9-months of age, an important period for vocal development (Oller, 1980).   
Postural irregularities have been observed in populations that have motor and speech 
deficits, such as autism (e.g., Iverson & Wozniak, 2007), yet we know very little about how 
posture may affect motor-vocal coordination in typically developing infants.  Thus, we will 
explore how posture and achievement of basic motor milestones, such as object reaching or 
standing with assistance, may influence the frequency of vocalizations, rhythmic motor 
movements, or their coordination. In addition, we will examine how social interactions affect the 
onset and frequency of motor-vocal coordination, as some studies show clear evidence that 
babbling sounds can be affected by social feedback (e.g., Beckwith, 1971; Franklin et al., 2014; 
Goldstein & Schwade, 2008).  Infant vocalizations can actually increase when mothers are 
instructed to be silent in a still face paradigm (Lin & Green, 2009).  However, we do not know 
the extent to which social interactions can influence the frequency of rhythmic movements or 
motor-vocal coordination, or how these effects may change over the 6- to 9-month period.   
 In the following review, we will first present findings that support the theory that speech 
and gesture are interconnected and mutually affected parts of a single communication system in 
the developed brain.  Then we will move to reviewing existing research examining speech-
gesture linkages seen in special populations of adults and children with deficits in either speech 
and/or motor skills.  Next, we will review literature outlining why posture and social interactions 
might impact the development of motor-vocal coordination.  Last, we will summarize Iverson 
and Thelen’s (1999) theory of the development of speech-gesture coupling in infancy, including 
a review of supporting evidence for this theory. 
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Evidence of the Speech-Gesture Linkage in Typical Adults 
In typical adults, gestures are tightly timed with speech, often slightly preceding or 
occurring in synchrony with speech, and usually consist of unimanual movements (McNeill, 
2000).  Gestures do not simply co-occur with speech, but also enhance fluency for the speaker 
and aid in comprehension for the listener (Gentilucci & Dalla Volta, 2008; Goldin-Meadow, 
2003; Goldin-Meadow & Iverson, 2010).  In fact, the gesture and speech systems have been 
argued by some to be controlled by a single, underlying mechanism in the brain that regulates the 
execution of tightly timed movements (Kendon, 2004; McNeill, 2000; Ojemann, 1984).   
The motor theory of speech perception argues that motor areas of the brain are activated 
when listening to speech to the same degree as when producing speech, and that motor activation 
is necessary in order to comprehend speech (Libermann & Mattingly, 1985; Willems & Hagoort, 
2007).  This theory is supported by a number of studies showing heightened levels of activity in 
motor and premotor cortices during language tasks, such as spoken word retrieval (Grabowski, 
Damasio, & Damasio, 1998) and silent word-reading (Pulvermüller, Preissl, Lutzenberger, & 
Birbaumer, 1996), particularly when those words are associated with actions (verbs or tool 
names).  In addition, brain activation patterns in the premotor cortex are similar when listening 
or producing particular sounds that involve movements of the lips or tongue (Pulvermuller et al., 
2006).  Moreover, reading action words (e.g., “lick”) produce the same level of activation in the 
premotor cortex as actually performing the same actions (Hauk, Johnsrude, & Pulvermuller, 
2004). 
Areas of the brain associated with speech production (Broca’s area) are also used during 
non-language tasks involving rapid hand or finger movements (Erhard et al., 1996; Krams, 
Rushworth, Deiber, Frackowiak, & Passingham, 1998).  Activation in Broca’s area is not 
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dependent on movement itself, but occurs when meaningful gestures are observed or imagined 
(for a review, see Gentilucci & Dalla Volta, 2008).  Findings from Skipper, Goldin-Meadow, 
Nusbaum, and Small (2007) suggest that gesture use actually lessens the cognitive load needed 
for speech comprehension because activation in Broca’s area decreased when meaningful 
gestures accompanied speech, compared to speech with no gestures or non-meaningful gestures 
(e.g., adjusting glasses).  Heiser and colleagues (2003) theorize that Broca’s area may have 
mirror neuron properties in that the same degree of activation occurs when observing versus 
producing the same action.  Thus, Broca’s area might not exclusively handle language 
processing, but may also handle any action that involves complex sequences of movements (e.g., 
speech or gestures), whether observed or produced.  
The motor-gesture link has been documented in several behavioral studies.  For example, 
Gentilucci, Benuzzi, Gangitano, and Grimaldi (2001) asked adults to grasp objects of varying 
sizes while opening their mouths and found that mouth opening was larger when 
correspondingly larger objects were grasped; also, when asked to pick up larger objects with 
their mouths, adults opened their fingers to a greater extent.  In other studies, Gentilucci and 
colleagues found that for adults and children (6- to 6.5-years), larger pieces of fruit (e.g., an 
apple) being brought by the right hand to the mouth were associated with higher pitched “ba” 
sounds (specifically an increase in the first and second formant for the “a” vowel) compared to 
smaller pieces of fruit (e.g., a cherry); this effect was larger in children than adults (Gentilucci, 
Santunione, Roy, and Stefanini, 2004a; Gentilucci, Maurizio, Stefanini, Roy, & Santunione, 
2004b).  This relation occurred even when the participants only observed the experimenter 
bringing the fruit to his mouth, and no increase in pitch occurred when a speech sound not 
typical to participants’ native language was vocalized (Gentilucci et al., 2004a; Gentilucci et al., 
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2004b).  Gentilucci and Dalla Volta (2008) claim that the bringing-to-mouth action (whether 
self-produced or observed) affects the acoustic properties of speech because it elicits internal 
mouth movements (e.g., tongue movements).   
Despite the wealth of neurophysiological and behavioral evidence of the speech-gesture 
linkage, the origins and development of this linkage are still unknown.  It has been theorized that 
a manual gesture system was used as our primary form of communication before spoken 
language emerged (Gentilucci & Corballis, 2006); this idea could partly explain the overlap in 
processing of speech and motor movements in the brain.  In addition, anatomical links have been 
found between areas of the brain associated with motor movements (cerebellum) and speech 
(Broca’s area; e.g., Leiner et al., 1993).  Some have argued that speech (spoken and manual sign) 
and gesture are jointly controlled by a common underlying mechanism of the brain (lateral 
perisylvian cortex of the dominant hemisphere) involved in orchestrating or timing sequential 
movements (Ojemann, 1984).  This is a plausible explanation, given past evidence of the speech-
motor overlap, especially if mirror neurons are present and active in Broca’s area (Heiser et al., 
2003).    
Evidence of the Speech-Gesture Linkage in Special Populations 
 Indication that the speech and motor systems are mutually intertwined is particularly 
evident when examining co-occurring motor and language deficits in various disorders.  In 
adults, along with deficits in speech production, Broca’s aphasics have difficulty producing 
rhythmic waving gestures (Duncan & Pedelty, 2007).  Kimura and Archibald (1974) found that 
individuals with left hemisphere damage had difficulty producing meaningless gestures.  In 
addition, gesture use is temporarily inhibited during fits of stuttering for chronic stutterers, 
suggesting that gesture may enhance speech fluency (Mayberry, Jacques, & Dede, 1998).  
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However, these cases only reveal the linkage between gesture and speech production in the adult 
brain; it is possible that such linkages are not present in the developing brain, which is why it is 
important to study developing speech-gesture linkages in infancy and childhood, both within the 
typical and special population groups.   
Co-occurring speech and motor impairments are observed in several developmental 
disorders, such as Specific Language Development (SLI), Autism Spectrum Disorder (ASD), and 
Down Syndrome (DS), suggesting that deficits in motor skills might inhibit typical development 
of language (Bhat, Galloway, & Landa, 2012; Iverson & Thelen, 1999; Iverson & Wozniak, 
2007).  For example, Hill (1998) has documented gesture impairments in SLI children, 
specifically showing that SLI children make more mistakes when imitating meaningful iconic 
gestures (e.g., mimicking brushing teeth) compared with meaningless gestures (e.g., transitioning 
from an opened palm with fingers spread to an opened palm with fingers closed).  However, 
these meaningless gestures were not necessarily “natural” rhythmic gestures seen during 
conversations.  Furthermore, the skills and cognitive processing required for motor imitation 
tasks are not necessarily used for spontaneous (non-imitative) gesture use during speech.    
Although language-impaired children may have difficulty imitating iconic gestures, 
communicating with gestures is often preferred over speech.  For example, children with Down 
Syndrome (DS) tend to use more iconic gestures than typically developing children, perhaps in 
order to compensate for poor speech skills (Stefanini, Caselli, & Volterra, 2007).  Language-
impaired children have particular difficulty producing meaningless gestures, such as hand 
waving (Iverson & Braddock, 2011).  Lacking these more rhythmic-like meaningless gestures 
might partially explain difficulties language-impaired children have with speech fluency.  What 
makes gesture use special or different in these populations (ASD, DS, and SLI) is the fact that 
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their gestures, when produced, are often used without speech, rather than in addition to speech, 
and thus their gestures may be less effective modes of communication (Iverson & Braddock, 
2011; Shumway & Wetherby, 2009; Sowden, Clegg, & Perkins, 2013; Stone, Ousley, Yoder, 
Hogan, & Hepburn, 1997).  Indeed, de Marchena & Eigsti (2010) found that gesture and speech 
were less synchronous in adolescents with high-functioning ASD compared to typically 
developing (TD) adolescents (matched on IQ), and consequently, ASD gestures were less 
informative to the listener compared to TD gestures. 
It is possible that the impairments in gesture production observed in these special 
populations can be explained by more global deficits in motor functioning.  Children with Down 
Syndrome (DS) show delays in several general motor milestones (e.g., sitting upright without 
support, crawling, and standing) in addition to delays in rhythmic actions, such as hand banging 
(e.g., rhythmical movements of the hands hitting a surface) and canonical babbling (Cobo-Lewis 
et al., 1996).  DS deficits in posture and muscle tone could make rhythmically complex 
behaviors needed for gesture and speech production more challenging (Cobo-Lewis et al., 1996).  
Similarly, children with ASD show deficits in fine and gross motor skills, postural asymmetries 
and delays, enhanced motor stereotypies, difficulties with imitating motor sequences, and low 
muscle tone (Esposito & Venuti, 2009; McDuffie et al., 2007; Stone & Yoder, 2001; Stone et al., 
2007; for an extensive review, see Bhat, Landa, & Galloway, 2011).   
Early motor deficits seen in high-risk infants before 12 months of age have been used as 
predictors of later language outcomes.  Bhat et al. (2012) found that early motor delays at 3- and 
6-months in high-risk ASD infants were correlated with communication delays at 18-months, 
and other studies have linked deficits in motor imitation to later language development (Stone & 
Yoder, 2011).  In addition, the increase in rhythmic arm movements during babbling onset seen 
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in typically developing children is muted in children at risk of developing ASD (Iverson & 
Wozniak, 2007).  Yet, older children with ASD show excessive arm flapping and other repetitive 
motor movements (see Bhat et al., 2011 for a review).  To explain this discrepancy, it is possible 
that rhythmic motor movements are present in ASD children, but not linked to vocalizations as 
seen in typically developing children.  Supporting this idea, Gernsbacher et al. (2002) found 
fewer parent reports of early oral-motor behaviors (e.g., raspberries, puffing cheeks with air) in 
children with ASD compared to age-matched typically developing children.  The degree to 
which rhythmic motor movements are actually coordinated with (overlapping with) vocalizations 
in ASD infants during the first year has not been directly examined, although evidence from 
Iverson and Wozniak (2007) suggest that there is a disconnect in motor-vocal actions in early 
infancy.     
Thus, general motor impairments seem to be predictive of later language development in 
children with ASD, however, what is less clear is whether it is the quantity or the quality of pre-
speech vocalizations (particularly for babbling) that predicts later development; to date, research 
findings on this topic have been contradictory or inconclusive.  Several studies have found 
significantly fewer babbling or speech-like sounds and more atypical vocalizations (growling or 
squealing) in children at higher risk for ASD or later diagnosed with ASD compared to low-risk 
or typically developing children (Landa & Garett-Mayer, 2006; Oller et al., 2010; Paul, Fuerst, 
Ramsay, Chawarska, & Klin, 2011; Patten et al., 2014; Plumb & Wetherby, 2013; Shumway & 
Wetherby, 2009; Warlaumont, Richards, Gilkerson, & Oller, 2014; Zwaigenbaum et al., 2005).  
However, none of these studies have found differences between high and low risk ASD groups 
when comparing vocalizations before 12 months.  For instance, Landa and Garrett-Mayer (2006) 
found no significant differences in language (receptive or expressive) or motor (fine or gross) 
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skills at 6-months between ASD, developmentally delayed (DD), and typically developing (TD) 
groups.  By 14 to 24 months, ASD infants performed significantly worse on motor (gross and 
fine) and language (expressive and receptive) tests and showed a general slowing of 
developmental progress between 14-24 months when compared to TD infants.  Similarly, 
Zwaigenbaum et al. (2005) also showed no differences in ASD infants at 6 months in language 
scores (expressive or receptive using the Mullen Scales) compared to TD infants; however, these 
differences were observed by 12 months of age.  In addition, infants with ASD use fewer 
gestures than TD infants (assessed by the MacArthur CDI).  
Some researchers propose that a lack of clear findings indicating babbling deficits in 
children at risk for or later diagnosed with ASD indicates that ASD children do not have 
difficulty with fine motor control of speech (Sheinkopf, Mundy, Oller, & Steffens, 2000; 
Amoroso, 1992). Sheinkopf et al. (2000) compared the type and quality of vocalizations of 
children with ASD (3-4 years old) to similarly aged children with developmental delays (DD) 
and found no differences in the frequency of babbling sounds between these groups. Differences 
still were observed in the type of sound; ASD vocalizations tended to be atypical in pitch 
(unusually high or low), but no comparisons were made to a typically developing group 
(Sheinkopf et al., 2000).  Werner and Dawson (2005) found no differences in vocalizations or 
repetitive motor movements, pointing, or name orienting at 12 months in children later 
diagnosed with ASD; however, vocalization differences were observed by 24 months of age.  
On balance, children in various at-risk groups have been found to have co-occurring 
speech and gesture impairments.  For this reason, some researchers have proposed there to be a 
common brain mechanism regulating motor sequencing and timing that could affect the 
mechanics of both speech and gesture (Iverson & Thelen, 1999; Ojemann, 1984).  More 
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longitudinal research is needed in these special populations in order to further understand 
whether motor movements and vocalizations are intrinsically linked together, or whether such 
coordination develops over time.  
Posture Effects on Vocalizations and Motor Movements 
 The influence of posture on general motor development, particularly for arm reaching 
and object exploration, has been gaining more attention in the field (Soska & Adolph, 2014; 
Thelen & Spencer, 1998), although much remains unknown about how posture specifically 
impacts infant vocal development during the first year (Lin & Green, 2007).  Part of the 
challenge is that posture is not a stable or static variable; infants acquire and refine new postures 
while also learning complex motor movements or pre-speech sounds.  Thus, posture is not an 
easy variable to “control for” when utilizing naturalistic observations, and it is often held 
constant in experimental designs to simplify research questions (Thelen & Spencer, 1998).  Yet, 
it is certainly plausible that posture might impact motor-vocal coordination, particularly for 
infants who have difficulty with certain postures, such as sitting upright or self-locomoting. 
 To date, much of the research on posture has focused on how the upright sitting position 
facilitates object exploration during infancy.  Infants are more likely to engage in multi-modal 
object exploration (manual, oral, and visual exploration of an object) when placed in a sitting 
position (with or without support) compared to prone and supine positions (Soska & Adolph, 
2014), regardless of age or sitting experience.  Moreover, infants who can sit upright on their 
own are more likely to feel and visually explore objects compared to infants who cannot sit 
upright on their own (Rochat & Goubet, 1995; Soska, Adolph, & Johnson, 2010).  Indeed, the 
onset of sitting is linked to better hand-eye coordination (Bertenthal & von Hofsten, 1998), 
which may explain the advantage of upright sitting.  Woods and Wilcox (2013) found that 5.5-
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month-olds who could not sit upright on their own spent more time looking and touching objects 
and were able to distinguish objects apart from each other based on their patterns only when 
placed in a cushioned upright position (not when placed in their parents’ lap).  In fact, the 
posture-supported 5.5-month-olds engaged in longer bouts of visual-manual object exploration 
compared to 6.5-month-olds who could sit upright on their own without support, suggesting that 
the extra support received in the upright position enhanced object exploration in the 5.5 month 
olds (Woods & Wilcox, 2012).  
The upright position is helpful for younger infants as well when other aspects of visual 
object exploration are considered.  Fredrickson and Brown (1975) showed that newborns had 
greater visual activity when placed in more upright positions.  Fogel, Dedo, and McEwen (1992) 
found that 3- to 6-month-olds looked longer at objects when in the upright position, and looked 
longer at their mother when placed in a supine position.   
Infant reaching has been characterized as “jerky and spastic” in the supine position 
compared to the upright position; this effect is likely an effect of gravity alone (Soska, Galeon, 
and Adolph, 2012).  Postural control of the head and trunk are needed in order to allow for one-
handed or stable arm reaching, and typically this is achieved when the infant can sit upright 
without support from objects or people (Fallang, Saugstad, & Hadders-Algra, 2000; Rochat, 
1992; Spencer & Thelen, 2000; Spencer, Vereijken , Diedrich, & Thelen, 2000; Thelen & 
Spencer, 1998).  Lobo and Galloway (2008) showed that 8- to 11-month-old infants given 15 
minutes of daily postural experience from their parents (for three weeks) had earlier onsets for 
reaching and increased manual exploration compared to same-age control infants.   
There are mixed findings with regard to how advances in new postures (e.g., sitting, 
crawling, or walking) affect unimanual (one hand) versus bimanual (both hands) preferences.  
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Babik, Campbell, and Michel (2014) found unimanual hand use to be unrelated to changes in 
infant posture, however, bimanual (or symmetric) hand use actually increased at the onset of 
crawling (no changes were found for bimanual use at onsets of sitting and walking).   In contrast, 
Rochat (1992) found that unimanual reaching increased at the onset of crawling and sitting 
upright without support; an increase in unimanual reaching at the onset of crawling was also 
found in Goldfield (1989).  Corbetta and Thelen (1999) have theorized that hand preferences 
seen earlier in the first year of infancy often disappear once postural control has been achieved.  
Supporting this theory, Atun-Einy, Berger, Ducz, and Sher (2014) found that bimanual reaching 
increased when infants could walk with assistance (between 11-14 months).   
 Postural irregularities have been found in special populations that also show co-occurring 
motor and language delays (e.g., Down Syndrome and ASD).  To explain this linkage, it has 
been suggested that lack of postural control inhibits rhythmic motor behaviors, which could, in 
turn, delay the onset of babbling (Iverson & Wozniak, 2007).  Postural instability could also limit 
the infant’s ability to explore objects and people in their environment (Nickel, Thatcher, Keller, 
Wozniak, & Iverson, 2013).  Home videos taken from infants who were later diagnosed with 
ASD have revealed more frequent posture switching and unusual posture choices among ASD 
infants compared with typically developing infants (Baranek, 1999; Kroeker, 2000).  Also, less 
postural stability has been found in older children and adults with ASD (Minshew Sun, Jones, & 
Furman, 2004).  Iverson and Wozniak (2007) found that infants at high-risk for developing ASD 
had significantly more postural instability (mean number of postures over duration of time 
observed) compared with no-risk infants matched by age; there were also delays in reduplicated 
babbling and later speech reception and production (as measured by parent-report).  Similarly, 
Nickel et al. (2013) showed that high-risk ASD infants had more difficulty sitting upright 
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without support at 6-months and spent less time standing upright without support at 14-months.  
Postural delays have also been observed in DS children, which has been shown to affect motor 
development with regard to reaching and object manipulation (Butterworth & Cicchetti, 1978; 
Cobo-Lewis et al., 1996; Haley, 1986; Niman-Reed & Sleight, 1988; Rast & Harris, 1985). 
 The bulk of posture research has focused on its impact on motor development; little 
research has been devoted to how posture might influence infant vocalizations or infants’ social 
interactions.  Lin and Green (2007) showed posture could directly affect newborn infant crying; 
infants produced more frequent, higher-pitched, and shorter-duration cry sounds when placed in 
an upright position (in a car seat) as compared to the supine position.  Similarly, older infants can 
produce more complex and varied vocalizations once they gain the ability to sit upright without 
support due to increases in subglottal pressure that are facilitated by the upright posture 
(Yingling, 1981).  Posture has also been shown to affect infants’ social interactions.  For 
instance, Fogel, Dedo, and McEwen (1992) found that 3- to 6-month-old infants looked more 
frequently at their mothers’ faces when in the supine position and less frequently when in the 
upright sitting position; infants who could reach objects also looked less at their mothers than 
non-reachers; however, the quantity or type of vocalizations produced were not measured.  
 The onset of crawling and walking has been associated with changes in infant 
vocalizations and infant-parent communication.  Crawling infants are more likely to understand 
pointing gestures than non-crawling infants, and locomotor status changes the way parents 
perceive their infants actions (for review, see Campos et al., 2000).  Specifically, 8-month-old 
locomoting infants receive more prohibitions from their mothers and produce more vocal 
protests in reaction to those prohibitions compared to 8-month-old non-locomoting infants 
(Chen, Green, & Gustafson, 2009).  Similarly, Campos, Kermoian, and Zumbahlen (1992) found 
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that mothers perceived their infants to have higher levels of negative emotions and more intense 
positive emotions once crawling was achieved.  Clearfield (2011) found that independently 
walking infants interacted more with their mothers and vocalized more compared to same-age 
non-walking infants placed in baby walkers.  When comparing crawling versus pre-crawling 
infants in a baby-walker, Clearfield (2011) found no differences in social interactions or room 
exploration, a finding also reported in Gustafson (1984).  Thus, it is the experience of moving on 
one’s own (as obtained from crawling or using other means of self-locomotion) rather than the 
experience of being able to move (as obtained from a walker) that contributes to changes in 
infants’ social interactions and vocalizations.  In other words, achieving a level of postural 
control needed for crawling has been shown to affect both social and vocal development. 
 In conclusion, it seems that upright postures in particular offer some advantages to both 
motor and vocal production, as they may enhance reaching, object exploration, and the 
production of more complex vocalizations.  In addition, gaining the ability to self-locomote has 
been shown to influence infants’ emotional expressions, opportunities for object exploration, and 
infant-mother social interactions, all of which could have cascading effects on motor and vocal 
development and motor-vocal coordination.  Moreover, the documented lack of postural control 
seen in special populations like ASD or Down Syndrome could be the partial cause of their 
motor and speech impairments.  Therefore, the degree to which posture might impact 
vocalizations, rhythmic motor movements, and motor-vocal coordination should be examined, 
particularly with regard to how posture effects might change over time. 
The Role of Auditory and Social Feedback on Infant Vocalizations 
Auditory feedback has been shown to affect the quality of infants’ babbling 
vocalizations.  That is, being able to hear one’s own vocalizations is important in the 
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development of complex, rhythmic utterances. In hearing children, the quality and frequency of 
vocalizations in infants and children will change when their auditory feedback is delayed 
(Belmore, Kewley-Port, Mobley, & Goodwin, 1973; Chase, Sutton, First, & Zubin, 1961; 
MacKay, 1968; Ratner, Gawronski, & Rice, 1964; Yeni-Komshian, Chase, & Mobley, 1968).  In 
deaf children, babbling is markedly delayed in onset and characterized by less complex and 
fewer vocalizations.  In fact, babbling does not appear until the middle of the second year, rather 
than the 6-8 month range typical for hearing infants (Eilers & Oller, 1994).  However, little 
research has explored the impact of auditory feedback on coordinated speech and motor activity.  
One recent study with adults has shown that delayed auditory feedback can impact the degree to 
which an adult coordinates gesture with speech (Rusiewicz, Shaiman, Iverson, & Szuminsky, 
2014).  Similar studies should examine how altering an infant’s auditory feedback could impact 
their motor-vocal coordination. 
Social feedback during parent-child interactions can also influence the frequency and 
quality of infant vocalizations.  Goldstein and Schwade (2008) demonstrated that 9.5-month-old 
infants were more likely to adopt the vocal characteristics produced by their mothers (CV 
syllables or fully resonant vowel sounds) when mothers produced sounds contingent upon the 
infants’ vocalizations (as if it was a response); non-contingent vocalizations uttered by the 
mother did not influence infants’ vocalizations, even though the content of maternal 
vocalizations remained the same.  Beckwith (1971) found higher rates of infant babbling (at a 
mean age of 8.7 months) when mothers were talking to an experimenter rather than directly to 
their infant; 10-month-olds, on the other hand, babbled at higher rates when mothers directed 
their speech to the infant.  In contrast, Lin and Green (2009) found that 10-month-olds were less 
likely to vocalize when their mothers were talking to them or interacting with a stranger, and 
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conversely, more likely to vocalize when their mothers were silent.  Although it is clear that 
infant vocalizations are generally affected by maternal interactions, more research is warranted 
to resolve these inconsistencies.  
It is important to remember that the type of vocalizations children produce can also 
impact the way parents respond, which can in turn affect subsequent vocalizations.  For example, 
Warlaumont et al. (2014) found fewer “pre-speech” vocalizations and more “non-speech” 
vocalizations in children with ASD (8- to 48-month-olds).  In addition, adult responses to ASD 
children were analyzed, and interesting differences were found when compared to typically 
developing children. For typically developing children, adults are more likely to respond to pre-
speech vocalizations compared to non-speech vocalizations, however, adult responses are less 
contingent on the type of vocalizations produced by ASD children.  In other words, adult 
responses to ASD infants may not serve to elicit more pre-speech vocalizations in ASD infants 
as happens in TD infants.  This difference might explain why pre-speech vocalizations are less 
prevalent in ASD (Warlaumont et al., 2014). 
 Thus, it is clear that social interactions can affect the quality and nature of infant 
vocalizations.  What warrants further investigation is the degree to which parent interactions 
affect infants’ tendency to produce rhythmic motor movements and their degree of coordination 
with vocalizations; this will be examined in the current study. 
A Theoretical Model for the Emerging Speech-Gesture System 
 Contrary to other theories positing that the gesture system functions primarily as an 
independently controlled “support system” for speech communication, enhancing speech when 
production is hindered (e.g., Hadar et al., 1998; Krauss & Hadar, 1999), other theories 
hypothesize that speech and gesture are equally strong communication systems that mutually 
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enhance each other and are controlled by the “same underlying thought processes” (p. 21; 
Iverson & Thelen, 1999; see also McNeill, 1992).  Iverson & Thelen (1999) have proposed a 
developmental model for how the speech and gesture systems become intrinsically linked to one 
another in adults, as proposed earlier by McNeill (1992).  In this model, there are 4 basic stages 
that describe how initial linkages seen in infancy between the hand and mouth progress into the 
intrinsically coordinated speech-gesture systems seen in older children and adults.  Description 
of each stage along with current evidence for each stage will be outlined in the following 
sections: 1) initial linkages (fetus/newborn); 2) emerging control (6-8 months); 3) flexible 
couplings (9-14 months); 4) synchronous couplings (16-18 months).  The current study will 
focus on providing additional evidence for the “emerging control” stage of the model.   
 Stage 1: Initial Linkages (Fetus/Newborn).  Hand-to-mouth movements seen during 
early infancy, and as early as 10-12 weeks gestational age, have been considered as precursors to 
the speech-gesture linkages seen in older children and adults (Butterworth & Hopkins, 1998; 
Lew & Butterworth, 1995; Lew & Butterworth, 1997; De Vries, Visser, & Prechtl, 1984; 
Hepper, 2013; Reissland, Francis, Aydin, & Schall, 2013).  In a longitudinal study assessing the 
development of anticipatory and reactive mouth movements in utero, Reissland et al. (2013) 
found a significant increase in the proportion of hand movements brought to the mouth regions 
of the face between 24- to 36-months gestational age, as well as an increase in the number of 
anticipatory mouth movements (mouth opens before hand reaches mouth) and a decrease in the 
number of reactive mouth movements (mouth opens after hand reaches mouth).  These findings 
demonstrate that hand-to-mouth movements are evident in utero, and increase with 
proprioceptive experience.   
Hand-mouth coordination has also been observed in newborns, which is not surprising 
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given prior findings on fetal movements.  Butterworth and Hopkins (1988) measured hand-
mouth coordination in newborn infants, showing that infants would open their mouth in 
anticipation of their hands coming to their mouths (even before the hands began moving), and 
they found above chance levels of mouth-hand coordination in infants averaging 3-4 days old.  
Rochat, Bless, and Hoffmeyer (1988) concluded that hand-mouth movements were purposeful 
movements associated with hunger and feedings, as newborn infants were more likely to make 
hand-to-mouth movements when given sucrose solutions compared to baseline measures.  Infant 
hand sucking and anticipatory mouth openings are also more prevalent prior to feedings 
compared to post-feedings (Feldman & Brody, 1978; Lew & Butterworth, 1995).   
Other sources of hand-mouth linkages have been seen in the Babkin reflex, in which 
infants will reflexively open their mouths when pressure is placed on their palms.  The sucking, 
rooting, and grasping reflexes all provide further links between manual movements and mouth 
movements, and facilitate feedings and oral-manual explorations.  In addition, a great deal of 
coordination can be observed during infant crying bouts, when infants will move their limbs 
rhythmically in time with their cry wails (Wolff, 1987).  Between the ages of 9- to 15-weeks 
Fogel and Hannan (1985) observed that pointing of infants’ index fingers were likely to occur 
before and after either mouthing or (non-distress) vocalizations.  Between 3- to 5-months of age, 
infants are able to intentionally grasp nearby objects (Atun-Einy et al., 2014; Corbetta, Thelen, & 
Johnson, 2000; von Hofsten, 1979; Thelen, Corbetta, & Spencer, 1996; Rochat, 1992); once 
reaching is achieved, oral exploration of objects is made easier (Bhat, Downing, Galloway, & 
Landa, 2009; Lobo & Galloway, 2008; Rochat, 1989).  
Although there is evidence for initial hand-mouth linkages early in the newborn period of 
development, smooth coordination between these two systems is far from complete and is 
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achieved closer towards the end of the first year.  Initial hand-mouth linkages seen in the fetus 
and newborn may actually disappear for a short period before reappearing.  Lew and Butterworth 
(1997) followed infants over time between 2- and 5-months and found evidence for a U-shaped 
developmental trend in the proportion of hand-mouth contacts and anticipatory mouth openings, 
arguing that although hand-mouth coordination is seen in newborn infants, such coordination 
disappears after the first month of life and does not resume until 4-5 months of age.  Possible 
reasons for the disappearance of hand-mouth contact between 2-4 months include being due to 
neuromuscular maturation, postural changes, or cognitive development (Lew & Butterworth, 
1997).   
According to Iverson & Thelen (1999), activation for hand-mouth use is high during the 
newborn period; hand usage is likely to stimulate mouth usage.  Likewise, the threshold for 
hand-mouth usage is low; hand-mouth linkages will be seen frequently and across multiple 
settings with the newborn.  As infants reach the subsequent stage of emerging control, activation 
for hand-mouth use decreases and the threshold for mutual hand-mouth usage increases.  Instead, 
vocalizations (rather than general mouth movements) become increasingly activated by the 
gesture system, and vice versa.  
Stage Two: Emerging Control (6-8 months).  In the middle of the first year, Iverson 
and Thelen (1999) propose that the speech and gesture systems become increasingly linked 
together through repeated practice of rhythmic motor movements (e.g., arm flapping) and 
rhythmic vocalizations (e.g., babbling).  Before this stage, vocalizations and rhythmic motor 
movements may have occurred independently from each other, but they are not yet interlinked.  
Iverson and Thelen (1999) propose that it is the period of emerging control (6-8 months) when 
the two systems become increasingly coordinated.  During this stage, rhythmic motor 
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movements and vocalizations are prevalent and mutually stimulate production across several 
contexts (activation of motor-vocal coordination is high and its threshold is low).   
Developmental milestones reached in postural and motor development in the first half of 
the first year of infancy are associated with advances in vocal play.  For example, around 5-6 
months, infants gain the ability to sit upright without support.  This new skill results in a greater 
independence of the rib cage and results in a whole host of new complex and more punctuated 
vocalizations (e.g., single or repeated consonant vowel sounds) that the infant can produce within 
a single breath, due to increased lung strength when sitting upright (Yingling, 1981).  Advances 
in arm reaching and object grasping also enhance infants’ opportunities for oral exploration of 
objects, and mouthing objects facilitates vocal play.  Specifically, infants between 6- to 9-months 
are more likely to vocalize when mouthing objects, and those vocalizations are more likely to 
contain variable supraglottal consonants that rely on the shaping of mouth muscles, such as “b”, 
“g”, “m”, or “d” (Fagan & Iverson, 2007).  Mouthing objects provides infants with both 
kinesthetic and auditory feedback, and provides the infant with practice on articulating different 
types of sounds, depending on where the mouthed object is placed in the mouth (Fagan & 
Iverson, 2007).  Delays in object exploration are also associated with reduced object grasping 
and fewer instances of object mouthing (Bhat et al., 2009). 
Rhythmic movements of the limbs, fingers, and torso reach their peak around 7 months of 
age (Kent, 1984; Thelen, 1979), coinciding with or shortly before the first instances of canonical 
babbling occur, typically between 7 to 10 months (Cobo-Lewis et al., 1996; Eilers et al., 1993; 
Koopmans-van Beinum & van der Stelt, 1986; Oller & Eilers, 1988; Oller, 1980).  Thelen (1979) 
proposed that when rhythmic movements are at their peak, it is a signal of emergent control of 
that motor behavior.  For instance, infants are found to rock side to side on all fours shortly 
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before they gain the ability to crawl or creep forward.  Because rhythm is central to all modes of 
communication, including speech and gesture or signing, it is not surprising that early mastery of 
rhythm in motor movements is linked to mastery of speech and gesture use for language 
development (Cobo-Lewis et al., 1996; Eilers, Oller, Levine, Basinger, Lynch, & Urbano, 1993; 
Ejiri, 1998).  
As infants gain more independent control over their motor and vocal systems, it is 
theorized that a period of “mutual entrainment” begins.  In other words, infants receive positive 
feedback through repetitive rhythmic motor actions of their limb movements, particularly with 
their hands and arms.  According to Iverson and Thelen (1999), rhythmicity from these rhythmic 
motor movements “spills over” to the vocal system, resulting in reduplicated babbling, defined 
as a series of repeated consonant-vowel (CV) syllables that are short and rhythmic in meter 
(mirroring the rhythm of manual motor movements).  Thus, Iverson and Thelen (1999) propose 
that motor-vocal coordination is built during the 6-8 month stage of development: manual 
rhythmicity entrains or elicits vocal rhythmicity (babbling), and it is this period in which the 
speech-gesture linkage emerges. 
Stage 3: Emergence of Gestures and Words (9-14 Months).  During this stage, 
activation of vocal-gesture linkages is low and the threshold is high, meaning that a lot of effort 
is needed for babbling or rhythmic motor movements to elicit each other.  Instead, infants focus 
on refinement of their fine and gross motor movements and vocalizations.  For example, 
meaningful gestures are first used around 10 months and often begin as referential or deictic (i.e., 
pointing) gestures (Rowe, Ozcaliskan, & Goldin-Meadow, 2008; Iverson & Goldin-Meadow, 
2005).  Such gestures may facilitate later language production, as higher degrees of gesture use 
(both deictic and iconic) have been shown to predict larger vocabulary productions in children 
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and earlier onsets of two-word combinations (Acredolo & Goodwyn, 1988; Kraljević, Cepanec, 
& Šimleša, 2014; Iverson & Goldin-Meadow, 2005; Longobardi, Spataro, & Rossi-Arnaud, 
2014; Rowe et al., 2008).  There is also evidence suggesting that walking, typically achieved by 
12 months, is associated with higher productive and receptive language learning (Campos et al., 
2000; Oudgenoeg-Paz, Volman, & Leseman; Walle & Campos, 2013).  In addition, babbling 
becomes more complex or variegated, where different consonants and vowels are combined 
within one babbling utterance (Oller, 1986).  Also during this age-period (9-14 months), the 
onset of first words is observed (Vihman, dePaolis, & Keren-Portnoy, 2014; Koopsman-van 
Beinum & van der Stelt, 1986).    
By the end of the first year, the gesture-speech linkage is evident, as motor movements 
can easily affect vocalizations.  For example, motor movements can directly shape the acoustics 
of infant vocalizations; the pitch in the first formant increased in 11- to 13-month-old infants 
when they grasped or requested objects larger in size (Bernadis, Bello, Pettenati, Stefanini, & 
Gentilucci, 2008).  Because gesture use typically precedes the onset of first words (Bates, 
Benigni, Brethertoon, Camaioni, & Volterra, 1979) and is often the preferred mode of 
communication for children (Iverson, Capirci, & Caselli, 1994), it is suggested that the threshold 
for gesture use is lower than that for speech (Iverson & Thelen, 1999).  In addition, during this 
stage, gesture-speech activation is thought to be sequential rather than simultaneous (Iverson & 
Fagan, 2004; Iverson & Thelen, 1999; Iverson, 2010). 
 Stage 4: Emergence of Synchronous Speech and Gesture (16-18 months).  Once 
infants reach the final stage of this model, infants are increasing their vocabulary (e.g., Vihman 
et al, 2014) and show greater control of fine motor movements (e.g., Thelen et al., 1996).  
Moreover, words are combined with appropriate and meaningful gestures and speech-gesture 
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usage is synchronous rather than sequential (Iverson & Thelen, 1999).  It is the increased 
practice with both word use and fine motor movements that result in lower thresholds and higher 
activations for speech-gesture behaviors (Iverson & Thelen, 1999).  In other words, the speech 
and gesture systems are now intrinsically linked; activation of speech automatically elicits 
activation of gestures and vice versa; such linkages are frequent and effortless during this stage, 
and seen across many contexts (e.g., interacting with adults or same-age peers at home or in 
other settings).  Thus, according to the current model, the speech-gesture linkage seen in adults is 
now present in infants by the first half of the second year of life and elaborated thereafter.    
Model Assumptions of Motor-Vocal Coordination.  Iverson and Thelen (1999) 
propose that the vocal and motor systems mutually entrain each other during the latter half of the 
first year, however, their examples of such entrainment is typically unidirectional, with rhythmic 
motor movements eliciting rhythmic vocalizations.  Thus, an assumption in this speech-gesture 
system theory is that complex rhythmic motor movements precede complex rhythmic 
vocalizations, and that, in fact, the motor system entrains infants’ vocal production.  This 
assumption is grounded in the fact that rhythmic motor actions (arm flapping, hand banging, leg 
kicking) are typically seen at least two to three weeks before babbling onset (Ejiri & Masataka, 
2001; Eilers et al., 1993) and, moreover, early rhythmic manual movements are correlated with 
earlier babbling onsets (Cobo-Lewis et al., 1996; Locke et al., 1995). As another source of 
evidence, Iverson and Fagan (2004) found that very few (17%) of the motor-vocal coordination 
bouts were initiated by babbling; most (83%) were either motor-initiated (rhythmic motor 
movements were followed by babbling) or synchronous (rhythmic motor movements and 
babbling occurred at the same time).  However, Iverson and Fagan (2004) did not report how 
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many of the motor-vocal coordination bouts were specifically motor-driven (rather than 
synchronous).   
Iverson and Thelen (1999) acknowledge that vocalizations can stimulate rhythmic motor 
movements, but they typically do so when they are in response to an initial rhythmic motor 
movement, suggesting a continuous feedback loop between the motor and vocal systems.  Some 
evidence suggests that vocalizations might also entrain or elicit motor movements, particularly if 
such motor movements yield rhythmic auditory feedback for the infant.  For example, Locke et 
al. (1995) used a cross-sectional design to compare infants who had no babbling experience to 
infants of the same age who had little or a moderate degree of babbling experience.  Results 
showed that infants with new babbling experience shook their rattle significantly more than 
infants with no babbling experience.  Moreover, as infants became more experienced in 
babbling, rhythmic arm movements decreased.  Similarly, Iverson, Hall, Nickel, and Wozniak 
(2007) found an increase in rattle shaking once babbling onset was reached.  As another 
example, Eilers, et al. (1993) showed instances of earlier rhythmic hand banging and canonical 
babbling in premature infants when corrected for gestational age; this was thought to be due to 
the fact that the premature infants had more experiences receiving kinesthetic and auditory 
feedback.  Even if rhythmic motor movements initially entrain infants’ rhythmic vocalizations, 
infant babbling might further entrain motor movements, allowing for heightened coordination 
between the vocal and motor systems.  Therefore, one purpose of the current study is to evaluate 
whether motor-vocal coordination bouts are predominantly motor-driven, vocalization-driven, or 
synchronous, as such results may guide development of motor-based interventions for at-risk 
populations.  
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Current Evidence for Entrainment of Vocal and Motor/Gesture Systems.  Thus far, 
only two studies have explored the onset and frequency of co-occurring rhythmic movements 
during the proposed period of “entrainment” (6- to 8-months), and their results are conflicting.  
In the first of these studies, Ejiri and Masataka (2001) videotaped four infants interacting with 
their mothers for 1.5-hour sessions at home from 6-11 months. Vocalization onsets and offsets 
were recorded and non-verbal vocalizations were excluded (crying, coughs, sneezes).  However, 
vocalization type (vowel, CV syllable, etc.) was not explicitly coded.  Motor movements were 
coded as “handling” (touching, grasping, pulling objects), “mouthing” (bringing objects to the 
mouth), “banging” (banging or swinging the arms up and down only once), and “rhythmic” 
(moving legs and/or hands rhythmically the same way, 3 times consecutively; each time lasting 
at least one second in duration).  Vocalizations were defined as co-occurring with motor actions 
if they overlapped by at least one second in duration (regardless of motor action or vocalization 
type). 
Results from Ejiri and Masataka (2001) revealed a peak in the percentage of 
vocalizations that co-occurred with rhythmic motor movements immediately preceding or 
coinciding with the onset of babbling in each infant (around 6-7 months); after babbling onset (8-
11 months), the percentage of co-occurring rhythmic motor movements and vocalizations 
typically declined.  During the 6-7 month period, infants vocalized more when producing 
rhythmic motor movements than non-rhythmic motor movements (i.e., handling objects).  
Acoustic analyses revealed that vocalizations overlapping with rhythmic motor actions had 
shorter syllable durations and formant-frequency transitions, when compared to the vocalizations 
not overlapping with rhythmic motor actions.  This finding suggests that the type of vocalization 
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paired with rhythmic motor movements is rhythmic in nature, as shorter formant transitions and 
syllable durations are classic characteristics of canonical babbling.    
 Using a cross-sectional design, Iverson and Fagan (2004) measured motor-vocal 
coordination in 47 infants at 6-, 7-, 8-, and 9-months of age.  Infants’ babbling status was 
assessed by a combination of parent-report and observational data.  Iverson and Fagan recorded 
25 minutes of parent-infant interactions during a semi-structured play session in which infants 
played with noise-producing rattles and interacted with their mother with toys or books.  All 
types of infant vocalizations were coded for but CV-repetitions were the focus of the analysis.  
Infant limb movements were coded as “rhythmic” if they were produced in the same way at least 
three times consecutively, each movement lasting approximately one second each time.  In order 
to be counted as a coordinated motor-vocal action, vocalizations had to temporally overlap in 
some degree with motor movements, but the overlap did not have to exceed one second in 
duration, as done in Ejiri and Masataka (2001).   
 Iverson and Fagan (2004) found no significant changes over age; however, the trends 
were toward a general increase in coordinated motor-vocal actions over age.  Only 20% of 
rhythmic activities co-occurred with vocalizations, but conversely, CV repetitions were more 
likely to occur with rhythmic motor activity, particularly with manual activity; similar results 
were found in Ejiri (1998).  In addition, a laterality bias in motor-vocal coordination may be 
present, as the majority of the coordinated motor-vocal movements involved one arm (typically 
the right arm) rather than both arms.  Last, Iverson and Fagan compared the frequency of 
rhythmic manual movements with vocalizations between 6-month-old babblers and pre-babblers; 
pre-babblers had significantly fewer co-occurring motor-vocal movements than babblers, 
suggesting that motor-vocal coordination facilitates canonical babbling.  
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These two studies of motor-vocal coordination during infancy offer conflicting results.  
Specifically, it is unknown whether co-occurring motor-vocal rhythmic movements increase, 
decrease, or remain stable throughout the 6- to 9-month period.  It is possible that Iverson and 
Fagan (2004) found no age effects due to the cross-sectional nature of the study; thus, additional 
longitudinal studies with larger samples are needed.  Although Ejiri and Masatake (2001) used a 
longitudinal design, only four infants were included.  Also, there were differences in what 
constituted a rhythmic motor-vocal action.  For example, Ejiri and Masataka (2001) required that 
vocalizations must overlap with motor movements by at least one second to be regarded as a co-
occurring motor-vocal action.  In contrast, Iverson and Fagan (2004) did not have this minimal 
time of overlap, arguing that babbling vocalizations are too short in duration to warrant such 
limits, which would naturally increase the prevalence of coordinated motor-vocal actions in their 
study.  Last, Ejiri and Masataka (2001) defined motor-vocal coordination as the overlap of any 
rhythmic motor movements with any type of vocalization (excluding fixed signals), whereas 
Iverson and Fagan defined motor-vocal coordination as the overlap of rhythmic motor 
movements with only CV repetitions (excluding all other vocalization types).  Thus, it remains 
unclear whether motor-vocal behaviors become more or less coordinated in the latter half of the 
first year. 
Summary 
Current neurophysiological and behavioral evidence supports the notion that speech and 
gesture are interlinked modalities of communication in the adult brain.  For example, activation 
in the motor and premotor cortices is heightened during speech and silent reading tasks 
(Grabowski et al., 1998; Pulvermüller et al., 1996).  This relationship is mutual, as grasping 
larger-sized objects has been shown to affect the degree of mouth opening and corresponding 
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pitch of a consonant vowel syllable, particularly in children (Gentilucci et al., 2004a; Gentilucci 
et al., 2004b).  In fact, meaningful gesture use might lessen the cognitive processing typically 
necessary for speech (Skipper et al., 2007).  Moreover, motor deficits typically co-occur with 
speech deficits in special populations, such as ASD; some suspect that the postural and gestural 
impairments are the underlying cause for language impairments (Bhat, et al., 2012; Iverson & 
Thelen, 1999; Iverson & Wozniak, 2007).    
What remains unclear is how this connection forms in the “typically” developing infant.  
Iverson & Thelen (1999) propose that this connection emerges between 6-8 months, when 
rhythmic manual movements and rhythmic vocalizations are at their peak; during this period 
motor movements are thought to primarily stimulate vocalizations.  Motor-vocal coordination 
soon transitions into speech-gesture coordination as infants learn to combine words with 
gestures.  By the middle of the second year, speech and gesture are synchronously (rather than 
sequentially) produced and are considered to be fully interlinked communication systems.   
Further evidence is needed to substantiate the theoretical claims presented by Iverson and 
Thelen (1999), as existing literature has produced contradictory results with differing 
methodologies.  Also, posture and social interactions have both been shown to influence motor 
development and infant vocalizations; however, there is no research to date on how posture and 
social interactions affect motor-vocal coordination, particularly over time during the first year of 
life.  
Current Study Objectives 
The origin of this speech-gesture linkage, and how it unfolds during the first 2 years of 
life, remains largely unknown at this point.  Iverson and Thelen (1999) present a well-formulated 
theory explaining emergent motor-vocal coordination; however, the two studies directly 
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evaluating this theory produced conflicting results. A major purpose of the current study is to 
build upon this literature, using longitudinal data in order to better gauge whether there are 
consistent changes in motor-vocal coordination throughout the second half of the first year of 
life.   
Iverson and Thelen’s (1999) theory predicts an increase in coordination of rhythmic 
movements with vocalizations over the 6 to 8 month age period.  Because Iverson and Fagan 
(2004) found a greater likelihood of rhythmic movements, and of coordinated motor-vocal 
movements, to be manual (rather than non-manual), we will analyze separately the frequency of 
coordinated manual-vocal actions.  Although the theory does not speak to this issue, it seems 
likely that age-related increases in coordination could be more apparent for rhythmic manual 
motor movements.  Iverson and Thelen posit that the motor system helps organize the vocal 
system; therefore, the present study will assess whether rhythmic motor movements consistently 
precede, coincide with, or follow vocalizations.  Finally, we will explore how posture and social 
context might influence the onset and frequency of rhythmic motor-vocal coordination.   
Method 
Participants 
 Data for this study came from existing videotapes collected during a longitudinal study of 
crawling onset and emotional expressions (see Whitney & Green, 2011).  The sample consisted 
of fifteen infants (6 males and 9 females; 5 first born), all of whom were videotaped on a 
monthly basis in their homes during solitary and dyadic play with their mothers.  Observations 
started at 6 months of age and continued until 1 month following crawling onset, which varied 
by infants’ ages (range of last visit was 9- to 14-months).  The sample was mostly Caucasian (13 
infants), with only one infant from a Hispanic/Caucasian family, and one from an African-
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American/Caucasian family.  Of the 15 infants, six were enrolled in full-time day care.  Twelve 
of the 15 infants lived in homes where English was the sole primary language (the primary 
languages for the remaining infants were Portuguese, German, and Spanish).  All mothers 
attended some college; 12 out of 15 completed at least a college degree and 9 out of 15 
completed a master’s degree or higher.  In the current study, data from the visits occurring at 6, 
7, 8, and 9 months of age was used, as all 15 infants were seen at these ages. 
Procedure  
 Infants were videotaped in their homes at 6, 7, 8, and 9 months for approximately 30 
minutes.  For each visit, the first 10 minutes were typically discarded as “warm-up” time to allow 
infants to get used to the experimenter and camera equipment.  During the “warm-up” period, 
infants either played on their own or with their mother. Following the “warm-up”, infants played 
alone with their own toys for 10 minutes (solitary context; M = 9.41 minutes, SD = 1.17 
minutes), and then played together with their mothers (using their own toys or books) for 10 
minutes (dyadic context; M = 10.06 minutes, SD = 0.27 minutes).  The ordering of the two 
session types was counterbalanced across visits.   
Infants were placed in a comfortable position on the floor and were surrounded by their 
favorite toys.  If infants became too fussy during the solitary condition, mothers were allowed to 
step in and soothe their infant until they were calm again, after which, the observation continued.  
In some instances during the solitary condition, the mother sat nearby the infant in order to keep 
the child calm; during these instances, mother-infant interactions were kept to minimal levels. 
 Of the 60 visits recorded, there were three visits in which the “warm-up” period was 
coded in place of, or in addition to, the dyadic or solitary session; this occurred when the infant 
became too fussy to continue with the study.  The warm up period was only used if the same 
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context was used; for instance, if a dyadic session was prematurely ended before 10 minutes had 
elapsed, the warm up session could only be used if dyadic play occurred during the warm up 
period.   
 Vocalizations from two 7-month dyadic sessions and from one 7-month solitary session 
were not coded because of audio malfunctions during videotaping.  However, limb/body 
movements and posture were coded during these sessions.  To include these two infants into the 
analyses concerning motor-vocal overlaps or vocalizations, missing data were replaced with the 
series mean across all infants at that condition and age, resulting in the same mean scores per 
condition but slightly smaller standard error values.  In all instances where this was done, 
comparisons were made of results before and after the series means were inserted: there were 
never any cases in which incorporating these infants using the series mean replacement resulted 
in significant results when the original data file was non-significant (i.e., when those two infants 
were excluded from analyses).  
Coding and Analyses 
 Coding Software.  All video observations were coded using ELAN, an open-source 
video coding software program released by The Language Archive of the Max Planck Institute 
for Psycholinguistics (http://tla.mpi.nl/tools/tla-tools/elan/; see Lausberg & Sloetjes, 2009).  In 
this program, the onsets and offsets of various behaviors were marked with a precision to the 
nearest thousandths of a second.   
Coding Guidelines.  Infant rhythmic motor movements (Appendix A), postures 
(Appendix A), and vocalizations (Appendix B) were coded for all infants in the solitary and 
dyadic play contexts, following guidelines presented by Iverson and Fagan (2004) and 
introduced by Thelen (1979).  
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Coding of Rhythmic Motor Movements. To count as a “rhythmic” motor movement, 
the motor action had to be repeated in the same form at least once during an interval of no more 
than 1 second.  In other words, the frequency of the movement had to be at least 2 cycles per 
second.  A gap of more than 1 second without a repetition marked the end of one motor action 
and the beginning of another. 
The primary infant rhythmic motor movements of interest were manual movements, 
including swinging arms (vertical movement of arms with no object in hand and no contact with 
object or surface), shaking arms (same as swing, with object in hand but no contact with object 
or surface), banging arms (same movement as swing, but contact with another object or surface 
made on downward stroke), flexing wrists (bending and extending of wrist), twisting wrists 
(rotation of the wrist back and forth), and flexing fingers (bending and extending of fingers).  A 
number of other rhythmic non-manual motor movements were coded, including movements of 
the legs (kicking one or both legs or rubbing feet together), torso (bounce or rock), head (rolling 
side to side or front to back), and mouth (mouth opening or tongue protrusion).   
For more details about coding criteria for each variable, see Appendix A.  To equalize 
differences in the duration of time each infant was observed within each context (solitary or 
dyadic), and to facilitate comparison with vocalizations, all rhythmic motor movement measures 
were converted into rates per minute (number of rhythmic motor movements divided by the total 
duration of the observation period in minutes).   
Coding of Vocalizations.  Infant vocalizations were categorized as fixed signals 
(laughter, crying), raspberries, single vowel sounds (i.e., “a” or “e”), single CV syllables (“ba”), 
marginal babbling (repetition of CV syllables occurs but at a slower pace than reduplicated or 
variegated babbling, each syllable lasting approximately one second in duration or longer), 
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reduplicated babbling (the same CV syllables repeated at least twice with a rate of at 2 or more 
syllables per second, i.e., “baba” or “bababa”), and variegated babbling (at least two different CV 
syllables repeated with a rate of 2 or more syllables per second, i.e., “ba-da” or “da-ba-ba”).  
Onsets and offsets of infant vocalizations were coded and categorized as independent units when 
followed by at least one second of silence or when separated by an audible breath.  Fixed and 
vegetative signals (laughter, crying, coughing, sneezing, hiccupping) were excluded from 
analyses because they are typically considered to be non-linguistic vocalizations.  For more 
details about the coding criteria for each variable, see Appendix B.  To equalize differences in 
the duration of time each infant was observed within each context (solitary or dyadic), and to 
facilitate comparison with rhythmic motor movements, all vocalization measures were converted 
into rates per minute measures (number of vocalizations divided by the total duration of the 
observation period in minutes).  
Coding of Motor-Vocal Coordination.  As done in Iverson and Fagan (2004), motor-
vocal coordination was coded when there was any temporal overlap between rhythmic motor 
movements and vocalizations.  A coordinated motor movement was thus defined as any rhythmic 
motor movement that overlapped with a vocalization.  Often, there were multiple vocalizations 
during a single ongoing rhythmic motor movement; however, in keeping with Iverson & Fagan 
(2004), the entire event was analyzed as one bout of coordinated behavior.  As done in Iverson 
and Fagan, coordinated motor movements were analyzed as proportions; that is, the number of 
rhythmic motor movements coordinated with vocalizations divided by the total number of 
rhythmic motor movements.   
Coding of Postures.  Each infant’s posture throughout each visit was coded in order to 
assess how posture might affect the rate of rhythmic motor movements, vocalizations, or the 
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degree of motor-vocal coordination.  The categories of postures originally coded for were the 
following: supine, prone, side leaning, upright sitting with or without support, self-
locomoting/on all fours but stationary, standing with or without support, or held in air by mother 
(Appendix A).  Each posture had to be maintained for at least one second in duration.  To 
facilitate statistical analysis, the following four posture categories were constructed: supine/side, 
prone, upright (includes sitting or standing with or without support), and locomoting/on all fours.  
The “held in air” posture category was removed from analysis because it was very infrequent 
among infants and not standardized in terms of positioning of the infant (they were often being 
moved up and down in the air when in this posture).    
Processing of Video Data. After video coding was completed, aggregate frequency and 
rate measures of vocalizations, complex vocalizations, babbling, rhythmic motor movements, 
manual and nonmanual rhythmic motor movements, and coordinated motor movements were 
calculated using GSEQ 5.0, software that specializes in sequential analysis (Bakeman & Quera, 
2011).  GSEQ was also used for merging posture subcategories into 4 major posture categories 
used for analyses.  Relative durations for each of the 4 postures and rates of rhythmic motor 
movements, vocalizations, and motor-vocal overlaps for each of the 4 postures were calculated 
using GSEQ.  A detailed description of primary variables and how they were aggregated for 
vocalizations, rhythmic motor movements, and postures is shown in Table 1.  After data 
processing was complete, all data were imported into SPSS for statistical analyses.    
Motor Milestone Data. At each visit, mothers were asked to complete a survey assessing 
their infants’ motor development (Appendix C).  Thirteen items asked for ‘yes’ or ‘no’ 
responses, including whether or not the infant was sitting up alone, exchanging objects from one 
hand to another, rolling over, reaching for objects, pulling body, positioning self on all fours, 
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rocking on all fours, crawling on all fours, making forward progress by any means, pulling self 
to stand, cruising, standing with assistance, or walking with assistance.  These data were used to 
evaluate whether motor skills (as reported by parents) are correlated with infant vocalizations, 
rhythmic motor movements, or motor-vocal coordination at ages from 6 to 9 months.   
The 13 individual items from the Motor Milestone Survey (Appendix C) were summed 
into one global “motor skills” score for each available time point.  These data were used to assess 
the relation between motor skills at each time point and all primary variables of interest relating 
to infant vocalizations, rhythmic motor movements, and their degree of motor-vocal 
coordination.  Because the motor milestones survey was only collected from about half of our 
sample (or less) at 8 and 9 months, we will only inspect motor milestone data taken from infants 
at 6 (n=12) and 7 (n=10) months.  The global motor skills scores could range from 0 to 13, with 
a score of 13 meaning that the infant has acquired all 13 listed motor skills.  The mean motor 
skills score across all infants was 4.08 (Range: 2-7; SE = .40) at 6-months (n=12) and 5.08 
(Range: 4-7; SE = .31) at 7-months (n=10). 
Crawling Data.  The age of crawling onset for each of the 15 infants was gathered from 
parent-report data and behaviorally verified in person shortly after crawling began. The mean age 
of crawling onset for this sample was 9.46 months (Range = 8.01 - 12.96 months; SE = .33 
months).  Crawling data was used to assess the relation between mean age of crawling onset and 
all primary variables of interest relating to infant vocalizations, rhythmic motor movements, and 
their degree of motor-vocal coordination.   
Reliability 
 To assess inter-observer reliability, a second coder observed a random selection of 15% 
of the video segments (9 infants in both dyadic and solitary sessions with month of visit equally 
MOTOR-VOCAL COORDINATION              36
distributed across infants).  The frequency of all primary subtypes of vocalizations, rhythmic 
motor movements, and coordinated motor-vocal actions, as well as the relative durations of each 
posture, were compared between coders using Pearson correlations and paired-samples t-tests.  
The frequencies of rhythmic motor movement types, vocalization types, and relative durations of 
all postures were significantly correlated between the two coders (Table 2).  There were two 
instances (full babbling and arm movement frequencies) in which mean differences between the 
two coders was statistically significant; however, these mean differences were very small and 
due largely to the very high correlations between the two coders (r > .96).  
Results 
Gender Differences   
 A series of independent-samples t-tests were conducted to test for gender differences on 
all of the primary variables of interest at each age and context.  No differences were predicted, 
and only one significant gender difference was found.  Therefore, no interpretation of gender 
differences is offered.     
Age and Context Effects on Vocalizations and Rhythmic Motor Movements 
The study design was appropriate for a series of 4 (Age) by 2 (Context) repeated-
measures ANOVAs on the major dependent variables.  However, the assumption of sphericity 
was often violated when testing age effects and age by context interactions.  As recommended by 
Algina and Keselman (1997), the Huynh-Feldt degrees of freedom adjustment was used in the 
cases when sphericity was violated (p < .05) for all ANOVA analyses presented in this 
document.  
Rate of Vocalizations.  There were no significant effects for the rate of all vocalizations 
per minute (Table 3) or for the rate of simple vocalizations (vowel sounds and vocal play; Table 
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4).  Age effects were found when analyzing complex vocalizations (single CV syllables, 
marginal and full babbling; Table 5); planned comparisons using paired samples t-tests showed 
significant increases in complex vocalization rates between the 6-month and 9-month visits and 
the 7-month and 9-month visits (Figure 1).  Age effects were also found when analyzing full 
babbling, a subset of complex vocalizations (Table 6).  Planned comparisons using paired 
samples t-tests showed significant increases in babbling rates between the 6- and 9-month visits, 
the 7- and 9-month visits, and the 6- and 8-month visits (Figure 1).  There were no significant 
context effects or age by context interactions for complex vocalizations or full babbling.   
In summary, analysis of the vocalization data showed that infants’ complex vocalizations 
increased with age, especially after 7 months of age, and ranged from 1.1 vocalizations per 
minute at 6-months to 2.1 per minute at 9-months.  In contrast, simple vocalizations, which were 
more frequent than complex, did not significantly change by age, typically ranging between 3-4 
simple vocalizations per minute between 6-9 months. 
Rate of Rhythmic Motor Movements.  Rhythmic motor movements occurred at 
significantly higher rates in the solitary context, however, there was no age effect or age by 
context interaction (Table 7).  This effect of context on rhythmic motor movements was not 
driven by rhythmic movements of the arms and hands; there were no significant context effects 
when analyzing the rate of manual movements (Table 8).  There was a marginally significant 
context effect for non-manual rhythmic movements (e.g., legs, head, or torso) with higher rates 
of non-manual movements in the solitary context than the dyadic context (Table 9).   
Although there was no change over age in the rate of rhythmic motor movements, these 
movements occurred at a higher rate in the solitary context.  For vocalizations, the opposite 
pattern of results emerged; there were increases over age in the rate of the complex vocalizations 
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and babbling, but there was no effect of context.  This pattern of findings in the baserates of the 
simple behaviors is important to keep in mind when examining changes in how these behaviors 
are coordinated with each other, the topic considered next.   
Age and Context Effects on Coordinated Motor-Vocal Behaviors  
In the analysis of rhythmic motor movements that were coordinated with (overlapping 
with) infant vocalizations, there were no significant main effects or interaction for age and 
context (Table 10).  Likewise, there were no significant effects when the analyses focused on 
rhythmic manual movements coordinated with vocalizations (Table 11).  These results are 
similar to Iverson and Fagan (2004), who did not find any age effects or trends for the proportion 
of coordinated motor movements.  
 The above analyses using all vocalizations were repeated for the subset of babbling 
vocalizations.  Here again, there were no significant effects for the proportion of rhythmic motor 
movements coordinated with babbling (Table 12) or for the proportion of manual rhythmic 
motor movements that were coordinated with babbling (Table 13).  
Age and Laterality Effects on Rhythmic Motor Movements and Coordinated Movements 
 Gestures in adults typically consist of single-handed (unimanual) movements (McNeill, 
2000).  Therefore, it is of interest to examine whether coordinated movements tend to be 
comprised of single-arm or single-leg movements (unilateral), as opposed moving both arms or 
both legs at the same time (bilateral).  Indeed, Iverson and Fagan (2004) found that most (62-
85%) coordinated rhythmic manual movements produced by 6- to 9-month-olds involved 
unimanual movements, but they did not find any age effects.  When context (solitary versus 
dyadic) was included as an independent variable for all of the following dependent variables 
MOTOR-VOCAL COORDINATION              39
described in this section, no significant effects for context were found.  Thus, the following data 
are collapsed across context. 
Rate of Rhythmic Motor Movements.  A series of 4 (Age) by 2 (Laterality) repeated-
measures ANOVAs were conducted for the rate of rhythmic motor movements and the rate of 
rhythmic manual movements.  There were no significant age or laterality effects for the rate of 
rhythmic motor movements.  Although the rate of unimanual rhythmic manual movements was 
higher compared to the rate of bimanual rhythmic manual movements, at .96 compared to .75 
movements per minute respectively, this difference was not significant (Table 14).  
Rate of Rhythmic Motor Movements Coordinated with Vocalizations. A 4 (Age) by 
2 (Laterality) repeated-measures ANOVAs was conducted for the rate of rhythmic motor 
movements coordinated with vocalizations.  No main effects were found, however, a significant 
interaction showed increases in the rates of unilateral (single-limbed) coordinated movements 
between the 7- and 9-month visits (Table 15; Figure 2).  In contrast, the rate of bilateral (two 
arms or two legs) coordinated movements was stable between 6-9 months. 
When restricting analyses to the rates of rhythmic manual motor movements coordinated 
with vocalizations, a main effect for laterality was found (Table 15).  Specifically, rhythmic 
manual-vocal coordination was more frequent when involving unimanual (1.86 per minute) 
rather than bimanual (.69 per minute) movements. No age effect or age by laterality interaction 
was found for rhythmic manual-vocal coordination.  In addition, no effects were found when 
examining rates of rhythmic motor movements coordinated with babbling vocalizations, or for 
rhythmic manual movements coordinated with babbling vocalizations (Table 15).    
To summarize, laterality effects were not observed for baserates of rhythmic motor or 
manual movements.  However, when considering rhythmic motor movements that were 
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coordinated with vocalizations, age-effects were seen when focusing on unilateral motor-vocal 
coordination, and this increase was not due to changes in the base rates of rhythmic single-
limbed movements.  These results suggest that a special subset of rhythmic movements (that is, 
unilateral movements) is more successful in eliciting vocalizations; this notion is discussed in 
more detail later.  
Posture Effects on Motor Movements, Vocalizations, and Motor-Vocal Coordination 
The above analyses showed that there were increases over age in complex vocalizations, 
however, rhythmic motor movement rates were relatively stable over age and coordinated motor-
vocal behaviors did not change by age.  One skill that is particularly relevant to vocalizations and 
motor movements is posture, and it is well known that posture also changes over age (e.g., some 
infants in this sample began to locomote between 7 and 8 months of age).  Therefore, the next set 
of analyses was aimed at charting postural changes with age and at the relation of vocalizations 
and rhythmic motor movements to posture.   
Relative Duration Spent in Each Posture. First, a series of 4 (Age) by 2 (Context) 
repeated-measures ANOVAs evaluated the relative time spent in each of the 4 primary posture 
categories (prone, supine, upright, or locomoting).  There were no significant age, context, or age 
by context interactions for upright and prone postures (Table 16).  However, infants did spend 
less relative time in the supine posture and more time locomoting with age.  Comparing the 
relative amounts of time spent in the 4 postures at the 4 ages, infants spent nearly two-thirds of 
all time in the upright posture.  Being supine decreased from about 30% of the sessions at 6-
months to about 9% at 9-months, whereas locomoting increased from 0% of the sessions at 6-
months to 11% at 9-months (Table 17).   
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The locomoting posture will not be included in the following age by posture analyses 
because the locomoting posture was completely null for all 6- and 7-month-olds, and did not 
occur at all for one-third of the infants at 8-months.  Also, context will be removed from the 
following analyses, due to the lack of significant findings in the primary analyses described 
above. 
 Age and Posture Effects on the Rate of Rhythmic Motor Movements.  A series of 4 
(age) by 3 (posture) repeated-measures ANOVAs were conducted for the rates of all rhythmic 
motor movements, manual movements, and non-manual movements per minute.  There were no 
significant age or posture effects for rhythmic motor movements or rhythmic non-manual motor 
movements (Table 18).  However, infants produced significantly higher rates of rhythmic 
manual movements per minute in the upright posture compared to the prone or supine postures 
(Table 18; Figure 3).  There was no age effect or age by posture interaction for rhythmic manual 
movements.   
 Age and Posture Effects on the Rate of Vocalizations.  A 4 (age) by 3 (posture) 
repeated-measures ANOVAs were conducted for the rate of all vocalizations per minute, as well 
as for the rates of complex vocalizations and full babbling (analyzed separately).  There were no 
significant posture effects for all vocalizations, complex vocalizations or full babbling.  Age 
effects were found for complex vocalizations and full babbling, consistent with prior analyses 
already presented.   
There were significant age by posture interactions for complex vocalizations and for 
babbling vocalizations (Table 19).  For complex vocalizations, planned comparisons using 
paired-samples t-tests showed that the rates in the upright posture significantly increased 
between 6- and 9-month visits, as well as between the 7- and 9-month visits.  In the supine 
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posture, the rate of complex vocalizations decreased between 8- and 9-months; no significant 
differences by age were found for the prone posture (Figure 4).  For babbling vocalizations, 
similar results were found demonstrating that age-related increases in babbling were most 
evident in the upright posture.  More specifically, planned comparisons showed that the rate of 
babbling in the upright posture significantly increased between 6- and 9-month visits, as well as 
between the 8- and 9-month visits.  In contrast, the rate of babbling in the prone posture 
increased between 7- and 8-months but then decreased between 8- and 9-months; no significant 
differences by age were found for babbling rates in the supine posture (Figure 5).   
 Age and Posture Effects on the Rate of Coordinated Motor Movements.  A series of 
4 (age) by 3 (posture) repeated-measures ANOVAs were conducted for the rates of rhythmic 
motor movements and manual rhythmic motor movements coordinated with all vocalizations.  
There was no main effect for age or age by posture interaction, however, a posture effect was 
found for manual rhythmic motor movements coordinated with vocalizations (Table 20).  
Planned comparisons using paired samples t-tests showed that infants produced the highest rates 
of coordinated manual movements in the upright posture compared to the prone and supine 
postures (Figure 6).  
 Restricting the above coordination variables (motor and manual) to overlaps with only 
babbling vocalizations revealed no age or posture effects, however a significant age by posture 
interaction was found for the rate per minute of rhythmic motor movements coordinated with 
babbling vocalizations (Table 20).  Planned comparisons using paired samples t-tests showed 
increases between the 6- and 9-month visits and between the 7- and 9-month visits for the 
upright posture only, although differences were marginally significant (Figure 7).  There were no 
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significant or marginally significant age-related differences (p < .10) for the prone or supine 
postures.  
 Summary of Posture Effects.  Thus, for the primary variables of interest, the upright 
posture exerted a strong influence.  Rhythmic manual motor movements and manual movements 
coordinated with vocalizations occurred at higher rates in the upright posture.  Age-related 
increases were specific to the upright posture for complex vocalizations, full babbling 
vocalizations, and rhythmic motor movements coordinated with babbling vocalizations.  It is 
worth recalling that the relative amount of time spent in the upright posture remained constant at 
about 65% of the sessions across all ages.  The age changes in these variables then, were not due 
to changes in the relative amount of time spent in the upright posture.     
Coordinated Motor Movements: Motor-Led, Vocal-Led, or Synchronous? 
The above analyses raise the question of whether overlapping periods of vocalizing and 
rhythmic motor movements are led primarily by one behavior or the other.  To help answer this 
question, coordinated activities were categorized as motor-led, vocal-led, or synchronous.  After 
identifying all periods in which rhythmic motor movements and vocalizing overlapped in time, 
each such period was categorized as synchronous if the vocalizing and rhythmic motor activity 
began within 0.5 seconds of one another.   If the rhythmic motor activity preceded the period of 
overlap, it was categorized as rhythmic motor-led, and vocal-led coordinated rhythmic 
movements were identified as those for which vocalizations happened prior to the motor 
movement.  
A one-way ANOVA using Age (6,7,8,9) as a factor was done for each of the following 
variables: proportion of coordinated rhythmic motor movements that were rhythmic motor-led, 
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vocal-led, or synchronous.  There were no significant age effects for any of the variables; 
therefore, all variables were collapsed across age.   
A second one-way ANOVA with Action Type (rhythmic motor-led, vocal-led, or 
synchronous) as the factor was conducted to test for differences in the proportion of coordinated 
motor movements that were rhythmic motor-led, vocal-led, or synchronous.  Significant main 
effects were found, F(2, 13) = 77.12, p < .001, ηp2 = .92.  The periods of time in which rhythmic 
motor movements and vocalizations co-occurred were most often classified as synchronous (M = 
.55, SE = .03).  That is, these two actions began within 0.5 second of one another.  When one 
action led another, rhythmic motor movements (M = .37, SE = .04) were about 4 times more 
likely to lead than vocalization; very few co-occurring activities began with a vocalization 
followed by rhythmic motor activity (M = .08, SE = .02).  Planned comparisons using paired 
samples t-tests showed significant differences (p < .05) between the proportion of coordinated 
movements that are motor-led compared to vocal-led, and between the proportion of coordinated 
movements that are vocal-led compared to synchronous. However, there were no significant 
differences between the proportion of coordinated movements that are motor-led versus 
synchronous, p > .05.  These results closely mirror Iverson and Fagan (2004), who found that 
most motor-vocal actions were either motor-led or synchronous around 83% of the time.  
Motor Milestones and Mean Age of Crawling Onset   
To examine the degree to which motor skills (as derived from the motor milestone 
survey, a parent-report measure) and age of crawling onset were related to the dependent 
measures analyzed above, a series of Pearson correlations were run separately for each age 
(collapsed across context).  Although a few other significant correlations were found, inspection 
of the scatterplots revealed that these correlations were the result of 1 or 2 outliers in the data.  
MOTOR-VOCAL COORDINATION              45
Removal of the outliers resulted in non-significant correlations.  There were only two significant 
correlations that were not skewed by outliers.  First, the mean age of crawling onset was 
negatively correlated to the motor milestones score taken at 6 months, r(12) = -.65, p = .023.  
Second, the motor milestones score taken at 7-months was negatively correlated to the 
proportion of motor movements coordinated with vocalizations at 9-months, r(12) = -.60, p = 
.010 (Figure 8).  Interpretation of these findings, and reasons for why the motor milestone 
measures were not predictive of the primary measures, will be addressed in the discussion 
section.  
Discussion 
The primary purpose of the current study was to evaluate Iverson and Thelen’s (1999) 
theory of emergent motor-vocal coordination as it applies to the middle of the first year of life.  
In addition, this study extended the theory to examine how infant posture and the context of 
social interaction affect vocalizations, rhythmic motor movements, and coordinated motor-vocal 
bouts.  Finally, the discrepancies observed in existing studies supporting Iverson and Thelen’s 
theory were examined by using longitudinal data.   
Consistent with Ejiri & Masataka (2001), the rate of rhythmic motor movements 
remained relatively constant from 6 to 9 months, even when analyzing only the subset of 
rhythmic manual movements.  This baserate information is important to keep in mind when 
evaluating data on how rhythmic motor movements are coordinated with vocalizations.  One 
shortcoming of the Iverson & Fagan (2004) study is that they did not report basic descriptive 
data on rhythmic motor movements and focused, instead, only on coordinated motor-vocal bouts.   
Although age did not seem to contribute to variability in rhythmic motor movements, 
context did; there was a higher rate of rhythmic motor movements in the solitary context.  This 
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finding likely reflects the nature of the activities mothers and infants engaged in during the 
dyadic context; these activities (including reading books, focused toy play, and other games) 
typically did not involve rhythmic motor actions on the part of the infant.    
The rate of all infant vocalizations did not change over age; however, the rates of the 
subsets of complex vocalizations and babbling increased over age. These simple, descriptive 
findings are in keeping with other studies of vocal development (Oller, 1980; Oller & Eilers, 
1988; Stark, 1980).  
With regard to motor-vocal coordination, one of the primary dependent measures in this 
study, there were no changes in the degree of motor-vocal coordination or manual-vocal 
coordination over age.  Similarly, Iverson and Fagan (2004) did not find significant age-related 
changes in motor-vocal or manual-vocal coordination in their cross-sectional study. Ejiri and 
Masataka (2001) also reported no age-related changes in motor actions coordinated with 
vocalizations from 6 to 9 months in their longitudinal sample; however, their sample size of 4 
infants only permitted quite limited power for their analyses.  Thus, all three studies converge on 
the finding that the rate of motor-vocal coordination does not change in this age period, which 
Iverson and Thelen (1999) theorized was the period when coordination was emerging. 
In the present study, however, when unimanual constraints were taken into account, the 
pattern of results changed.  Manual-vocal coordination was more frequent in cases where only 
one hand was involved in the rhythmic action.  In addition, there were increases over age in the 
rates of motor-vocal coordination when considering unilateral motor-vocal coordination, and 
such increases were not due to age-related increases in single-limbed rhythmic motor 
movements.  Bilateral motor vocal-coordination, in contrast, was stable over age.  Taken 
together, these findings bolster the idea that manual-vocal coordination could be a precursor to 
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the speech-gesture linkage and provide an extension of Iverson and Fagan’s (2004) report that 
unimanual motor-vocal coordination was more frequent than bimanual coordination.   
Identification of whether motor movements or vocalizations initiated the coordinative 
bouts was used to evaluate whether entrainment between the motor and vocal systems was 
mutual, or specifically motor-driven.  Although Iverson and Thelen (1999) theorized that 
entrainment was entirely mutual, past empirical studies suggest that rhythmic motor movements 
are more likely to elicit vocalizations, as such movements generally peak shortly before the onset 
of canonical babbling (Cobo-Lewis et al., 1996; Eilers et al., 1993; Kent, 1984; Koopmans-van 
Beinum & van der Stelt, 1986; Oller & Eilers, 1988; Oller, 1980; Thelen, 1979).  Further, early 
mastery of rhythmic motor movements is generally predictive of better speech and gesture use 
(Cobo-Lewis et al., 1996; Eilers et al., 1993; Ejiri, 1998).  In the current study, over half (55%) 
of all coordinated motor-vocal actions were identified as synchronous, meaning that whenever 
vocalizations and rhythmic motor movements overlapped with each other, thus constituting a 
“coordinated event” the two actions began at approximately the same point in time.  The fact that 
a majority of the motor-vocal actions in this sample were considered “synchronous” suggests 
that the motor and vocal systems have already become inter-linked during this stage in 
development (6-9 months).   
When one action did precede the other by a substantial degree (more than half a second), 
it was more likely to be motor-initiated (37%) rather than vocalization-initiated (8%).  These 
findings are congruent with those in Iverson and Fagan (2004), where 83% of motor-vocal 
coordination bouts were either synchronous or motor-initiated (further breakdowns were not 
provided in the paper), compared to 92% in the current study.  Thus, it seems that rhythmic 
motor movements are more likely to entrain vocalizations than the other way around; this finding 
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is contrary to Iverson and Thelen’s (1999) claim that entrainment is equally stimulated by motor 
movements or vocalizations.  
There are two possible explanations for why motor-vocal coordination bouts are more 
likely to be motor-led (rather than vocal-led).  First, this could be a function of how the two 
actions were coded, as vocalizations were generally shorter in duration compared to rhythmic 
motor movements, thus limiting the probabilities that vocalizations could precede rhythmic 
motor movements by more than half a second.  However, another interpretation is that rhythmic 
motor movements are more likely to elicit rhythmic vocalizations; in other words, motor 
movements might serve as stronger attractors for coordinative bouts, supporting the wealth of 
literature that argues that delays in motor development can have cascading effects on other areas 
of development, particularly with regard to language development.    
All primary variables of rhythmic movements, vocalizations, and coordination were 
related to parent report data regarding infants’ motor development (using the motor milestone 
survey, Appendix C) in an effort to explore how advances in general motor development not 
explicitly captured in the sessions might predict later motor-vocal coordination.  Unfortunately, 
most correlations were either skewed by a single outlier or two, or were non-significant.  There 
was, however, a moderately strong negative correlation between the motor milestone score taken 
at 7 months and the proportion of motor-vocal coordination at 9-months.  It is possible that 
infants who are above average in motor skills at a younger age are less likely to engage in motor-
vocal coordination at 9-months because they are focused on mastering motor skills like crawling 
or walking before engaging in coordinative bouts.  Unfortunately, it was not possible to compare 
crawlers or walkers to pre-crawlers or pre-walkers between 6-9 months in the current sample, 
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given the largely unequal group sizes.  Hence, future research correlating advances in motor 
milestones to motor-vocal coordination is still needed. 
The Role of Posture and Social Context in Motor-Vocal Coordination 
Past findings have shown that being in the upright posture (for infants) is associated with 
better eye-hand coordination, more frequent visual-manual object exploration, more complex 
vocalizations and better manual exploration (Bertenthal & von Hofsten, 1998; Gustafson, 1984; 
Lin & Green, 2007; Rochat & Goubet, 1995; Soska & Adolph, 2014; Soska et al., 2010; Woods 
& Wilcox, 2013; Yingling, 1981).  However, analysis of how posture affects motor-vocal 
coordination has not been considered.  Ejiri and Masataka (2001) did not analyze posture at all, 
nor did they control posture.  Iverson and Fagan (2004) showed that manual rhythmic 
movements were more prevalent in “sitting” positions (largely upright) as opposed to “non-
sitting” positions (e.g., standing, prone, supine), but did not analyze whether infants’ postures 
affected the frequency of vocalizations or motor-vocal coordination.   Thus, it was particularly 
important to incorporate posture as a variable of interest in the current study.   
Current data showed that the majority of infants’ play time was spent in the upright 
posture, and their preference for the upright posture did not change over age or by context.  
However, infants did spend less time in the supine position and more time self-locomoting over 
age.  Rhythmic manual movements, as well as bouts of rhythmic manual-vocal coordination, 
occurred at higher rates in the upright posture.  In addition, both complex and babbling 
vocalization rates significantly increased between 6-9 months, but only for the upright posture; 
complex and babbling vocalization rates were relatively stable or decreasing over age in the 
other postures.  Moreover, the rate of motor-babbling coordination increased over age for the 
upright posture and stayed relatively constant for all other postures.   
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It is sensible that rhythmic manual movements would be more frequent in the upright 
posture, as this posture should allow for easier arm movements, and these data match what was 
found in Iverson and Fagan (2004).  The fact that age-related trends for complex vocalizations 
and motor-babbling coordination were only found when analyzing the upright posture falls in 
line with past findings that have found vocal advantages for the upright posture (Lin & Green, 
2007; Yingling, 1981).  It is not likely that the age-related trends for complex vocalizations and 
motor-babbling coordination were driven by age-related changes in time spent in the upright 
posture, as this posture remained stable at about 65% of the sessions across all ages.  Thus, 
current data support past findings that the upright posture is advantageous for infant motor and 
vocal development, particularly with regards to motor-vocal coordination.   
In addition to examining the role of posture on motor-vocal coordination, social context 
was also considered, as past research on the matter only examined dyadic mother-infant 
interactions (Iverson & Fagan, 2004) or did not control for social interactions (Ejiri & Masataka, 
2001).  In the current study, context effects were minimal and mostly absent.  There were 
significantly more rhythmic motor movements when infants were engaged in solitary play (as 
opposed to dyadic play) regardless of infant age; however, this effect was largely influenced by 
non-manual movements being more prevalent when infants were alone.  Motor-vocal 
coordination was unaffected by social context, as were all types of vocalization rates.  Thus, it 
seems that social context (dyadic versus solitary) during this age period is less important than 
posture as a proximal influence on either of the kinds of behaviors constituting coordinated 
motor-vocal bouts.   
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Limitations 
Although the current study had a larger sample size than Ejiri and Masataka (2001) who 
only had analyzed motor-vocal coordination over time in 4 infants, many questions still remain 
based on the sample of 15 infants.  In addition, the observation windows were narrow, with 
infants only seen for 20 minutes once a month.  Some infants demonstrated very few 
vocalizations during the time they were observed, and this could have been impacted by several 
factors, including their level of fatigue, hunger, physical health, and shyness towards the 
experimenter.  Also, some infants had a great deal of difficulty playing on their own for the 10-
minute solitary observation period, and thus many of their vocalizations were coded as distress-
related cry sounds, which were not analyzed in the current study.  Longer and more frequent 
observation sessions, which would likely capture more complex babbling vocalizations, are 
needed, as variability in the current sample was substantial.   
There were some differences in the definition of a rhythmic movement when comparing 
the current study to Iverson and Fagan (2004) and Ejiri and Masataka (2001).  First, in both of 
these studies, rhythmic movements were defined as a repetition of the same movement at least 
three times, each movement lasting no more than one second in duration.  In contrast, the 
definition of rhythmic movements in the current study counted rhythmic movements if the same 
movement was repeated at least two times within one single second.  For the current study, the 
average duration of rhythmic motor movements ranged between 2.3-2.5 seconds across all ages; 
thus on average rhythmic motor movement bouts coded in the current data should have consisted 
of at least three or more repetitions, as required in Iverson and Fagan.  Second, in the current 
study, offsets of rhythmic motor movements were marked when such movement ceased 
completely for one second or longer; such a definition was followed because the rate of 
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movement was often variable throughout a single rhythmic movement bout, however guidelines 
for coding offsets of rhythmic movements were not articulated in Iverson and Fagan (2004) or 
Ejiri and Masataka (2001).  Thus, behavioral coding and operationalizing of rhythmic motor 
movements has proved challenging; some suggestions on how to improve upon these methods 
will be discussed in the following section. 
Contributions and Future Directions 
The primary purpose of this study was to strengthen the current knowledge base 
concerning the development of motor-vocal coordination, particularly during the period of 
emerging motor-vocal control (6-8 months), as postulated by Iverson and Thelen (1999).  
Although motor development is quickly becoming accepted as influencing other areas of 
development, much is unresolved as to whether rhythmic motor movements uniquely elicit 
production of rhythmic vocalizations.  Furthermore, neither of the existing studies on the 
emergence of motor-vocal coordination actually found any significant age-related increases in 
motor-vocal coordination between 6-8 months (Ejiri & Masataka, 2001; Iverson & Fagan, 2004).  
Current data suggest that motor-vocal coordination does not increase over age between 6-
9 months; these findings are consistent with past results (Ejiri & Masataka, 2001; Iverson & 
Fagan, 2004).  However, trends have been found when analyses are centered on a developmental 
milestone, such as babbling onset, rather than infants’ chronological age.  Ejiri and Masataka 
(2001) found the percentage of motor-vocal coordination peaked during or before the onset of 
babbling and declined thereafter.  In addition, Iverson and Fagan (2004) found that 6-month-olds 
who babbled produced more frequent instances of motor-vocal coordination compared to 6-
month-olds who had not yet started babbling.  These comparisons are not possible for the current 
data; observation windows were not long enough (20 minutes monthly) to accurately identify 
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babblers from pre-babblers, nor were parents asked whether or not their infants had produced 
canonical babbles in the past; thus, there is no guarantee that non-babbling infants in our sample 
were genuine pre-babblers.  Future developmental research should utilize longitudinal data that 
have the capability of analyzing by milestone in addition to analyzing by age. 
If motor-vocal coordination truly emerges during this time period, one would presume 
there to be an increase in synchronous coordination over age, however, there were no age-related 
trends in any type of coordinative bout (motor-elicited, synchronous, or vocal-elicited).  It is 
plausible that the time period of emergent motor-vocal coordination had already passed for the 
majority of infants in this sample.  It would be interesting to determine whether the windows 
between the onsets of rhythmic movements and vocalizations get smaller over age until they 
overlap, as this would better capture whether motor-vocal coordination is truly emerging during 
this stage.  
To our knowledge, this study is the first to consider the role of posture on infants’ motor-
vocal coordination.  Current data showed that manual-vocal coordination rates were highest for 
the upright posture, and age-trends observed in motor-babbling coordination were specific to the 
upright posture.  Further research should directly manipulate posture within individual infants to 
examine how posture more directly affects vocalizations, rhythmic motor movements, and 
motor-vocal coordination over time.  In addition, future research should explore whether the 
upright posture is equally advantageous for vocalizations and motor-vocal coordination in 
special populations who struggle with postural issues, like infants with ASD or Down syndrome, 
as such research could inform future interventions (Iverson & Wozniak, 2007).   
This study is also the first to examine the role of social interactions on infants’ motor-
vocal coordination.  Unlike posture, social interactions did not impact infants’ motor-vocal 
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coordination.  However, future studies should consider more fine-grained analyses regarding 
how the quality of the mothers’ interactions affected infant behaviors.  For example, the degree 
of maternal gesture use, the quality and quantity of maternal speech, and use of singing or 
rocking behaviors done by the mothers could all have influenced infant motor-vocal 
coordination.  Therefore, it should not be concluded from current data that mother-infant 
interactions have no effect on coordination, as the type of interaction might have a substantial 
effect, but current data does suggest that infant coordination is not enhanced by the mere 
presence (or absence) of interaction with their mother. 
It is appropriate to question whether simple co-occurrences or overlaps of motor 
movements and vocalizations should be considered legitimate acts of motor-vocal coordination.  
In other words, are vocalizations more likely to be placed consistently at peaks of “rhythmic 
motor movements” (thus constituting “coordination”), or do they seem “randomly” placed?  The 
fact that the majority of coordination actions were synchronous, in that the onset of the 
vocalization and rhythmic motor movements were simultaneous, suggests that motor-vocal 
overlaps were not random, but this does not definitively eliminate the alternative.  However 
challenging, future research should attempt to measure the actual rhythm of motor-vocal 
coordination rather than counting all co-occurrences as coordination.  Using motion-detection or 
motion tracking software that can mark the peak oscillations of an arm movement might better 
illustrate the rhythm of motor-vocal coordination, if coordination is indeed rhythmic. In the 
current data, single bouts of rhythmic motor movements were often variable in speed of 
movement; it would be interesting to capture whether these tempo changes were matched with 
similar changes in the tempo of infant vocalizations.   
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We would gain more concrete knowledge of how motor movements directly impact 
vocalizations, and vice versa, if research explored how infant motor-vocal coordination changes 
when motor or vocal feedback is unexpectedly altered.  For instance, would infant motor-vocal 
coordination be inhibited if the infant could no longer hear their babbling vocalizations?  This 
could be safely achieved by having infants wear noise-canceling headphones that play 
continuous white-noise signals.  Furthermore, if vocalization feedback is altered by pitch or 
timing (delayed auditory feedback), would corresponding rhythmic motor actions be halted or 
likewise distorted?  Last, would altering infants’ somatosensory feedback affect their 
vocalizations and/or coordination?   This question could be explored, for example, by adding 
weights to infants’ arms. 
Understanding the unfolding relationship between the speech and gesture systems in a 
typically developing sample will help us consider how those systems might mutually develop 
and interact in children with atypical motor or vocal development.  Despite the fact that many 
developmental disorders show co-occurring motor and vocal deficits, and some positive 
correlations have been found between rhythmic motor movements and babbling onset, we still 
know very little about how motor milestones and posture itself directly affect co-occurring 
motor-vocal coordination over time.  Future research should therefore explore motor-vocal 
coordination in special populations; including how social context and, in particular, how postural 
control differentially affects such coordination, as done in the current study.   
In closing, current findings show partial support for Iverson and Thelen’s model of 
emergent motor-vocal coordination, as increases in some measures of motor-vocal coordination 
were found between 6-9 months, but only when focusing on unilateral coordination or 
coordination in the upright posture.  Furthermore, the higher prevalence of motor-elicited 
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coordination compared to vocalization-elicited coordination suggests that motor-vocal 
coordination is primarily stimulated by the motor system; these results support the concern that 
infants with motor delays are at higher risk for deficits in other developmental domains, 
particularly when coupled with the finding that the upright posture is advantageous for vocal-
motor coordination.  Once we can firmly establish the developmental course of motor-vocal 
coordination during infancy, further research can examine how such coordination directly 
unfolds into the gesture-speech linkage seen in adulthood.  Understanding how the motor system 
and the speech system are linked at various points in development is important not only from the 
point of view of basic theory about developmental systems but also might inform possible early 
interventions for infants at-risk for developmental disorders.   
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Table 1 
Vocalizations, Rhythmic Motor Movements, Coordination, and Posture Categories 
Category Subcategory Description/Example 
Rhythmic Motor 
Movements 
Manual Movements 
 
 
Non-Manual Movements 
 
Rhythmic movement (at least 2 cycles per 
second) of hands or arms 
 
Rhythmic movement (at least 2 cycles per 
second) of legs, feet, torso, mouth or head 
 
All Vocalizations a  
 
       Simple 
       Vocalizations 
 
 
   
       Complex     
       Vocalizations 
 
 
Vocal Play 
 
 
Single Vowel Sounds 
 
Single CV/CVC syllables 
 
Marginal Babbling 
 
 
Full Babbling 
 
     
    Reduplicated 
 
 
     Variegated 
 
 
Raspberries, Gurgle/Growl, Squeal, Closed 
Mouth Sounds 
 
e.g., a, o, e, i, u 
 
e.g., ba, he, ma, aba 
 
Repeated CV syllables with slow formant 
transitions (> 2 per sec) 
 
2+ rapid CV syllable repetitions <= 2 
syllables per second 
 
     1 same CV combination repeated (baba,   
     mamama, dedede) 
 
     2+ different CV combinations repeated  
     (bama, danunu, gedede) 
 
Coordinated 
Rhythmic Motor 
Movements 
Rhythmic motor movements that co-occur for any period of time with 
vocalizations 
Postures Prone 
 
Supine 
 
Upright 
 
Locomoting 
Lie on stomach 
 
Lie on back; Includes “side leaning” posture  
 
Upright sitting/standing with or without support    
 
Self-locomoting or on all fours stationary  
 
 
Note.  For more specific definitions of each variable, see Appendices A and B. 
 
a Fixed signals (crying, laughter, and vegetative sounds) were originally coded, but were 
excluded from all “vocalizations” analyses and, thus, not included in this table. 
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Table 2   
Reliability Statistics for the Primary Variables 
Motor-Vocal Reliability (Frequency) r t (22) 
All Vocalizations .97* -.46 
Complex Vocalizations .99* 2.10 
Full Babbling .97* 2.71* 
Motor Movements .98* .08 
Arm Movements .97* 2.82* 
Leg Movements 1.0* 1.64 
Motor-Vocal Coordination .99* .55 
Manual-Vocal Coordination .98* -.28 
Motor-Babbling  .57* 1.17 
Posture Reliability (Relative Duration)   
Prone 0.88* -1.21 
Supine 0.96* 1.12 
Upright 0.99* 1.97 
Locomoting 0.88* -1.79 
    
Note. Dependent t-tests were calculated to evaluate mean differences between two coders 
* p < .05.   
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Table 3 
     
Rate of All Vocalizations by Age and Context 
 
Age (Months)  
6 7 8 9 Marginal Mean (SE) 
Solitary Context M(SE) 5.60 (.91) 3.69 (.64) 6.74 (1.39) 5.48 (.81) 5.38 (.58) 
Dyadic Context M(SE) 3.00 (.76) 3.11 (.33) 3.94 (.67) 4.73 (1.10) 3.70 (.46) 
Marginal Mean (SE)  4.30 (.53) 3.40 (.32) 5.34 (.78) 5.11 (.87) ----- 
Age Main Effect         F(2.08, 29.07) = 1.78,  p = .185, ηp2 = .11   
Context Main Effect F(1, 14) = 4.48, p = .053, ηp2 = .24   
Interaction Effect F(3, 42) = 1.53, p = .221, ηp2 = .10   
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Table 4 
     
Rate of Simple Vocalizations by Age and Context 
 
Age (Months)  
6 7 8 9 Marginal Mean (SE) 
Solitary Context M(SE) 3.84 (.47) 3.01 (.60) 5.10 (1.16) 3.15 (.63) 3.77 (.44) 
Dyadic Context M(SE) 2.57 (.71) 2.21 (.20) 2.92 (.53) 2.87 (.86) 2.64 (.32) 
Marginal Mean (SE)  3.21 (.41) 2.61 (.34) 4.01 (.71) 3.01 (.70) ----- 
Age Main Effect  F(2.01, 28.18) = 1.07,  p = .357, ηp2 = .07   
Context Main Effect F(1, 14) = 4.61, p = .050, ηp2 = .25   
Interaction Effect F(3, 42) = 1.26, p = .301, ηp2 = .08   
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Table 5 
     
Rate of Complex Vocalizations by Age and Context 
 
Age (Months)  
6 7 8 9 Marginal Mean (SE) 
Solitary Context M(SE) 1.76 (.51)  .68 (.15) 1.67 (.52) 2.35 (.38) 1.62 (.29) 
Dyadic Context M(SE) .431  (.13) .91 (.35) 1.02 (.26) 1.84 (.43) 1.05 (.19) 
Marginal Mean (SE)  1.10a  (.25) .79b (.18) 1.35 (.29)  2.09a, b (.34) ----- 
Age Main Effect F(3, 42) = 5.32,  p = .003*, ηp2 = .28  
Context Main Effect F(1, 14) = 2.83, p = .115, ηp2 = .17   
Interaction Effect F(3, 42) = 2.36, p = .085, ηp2 = .14   
Note. Planned comparisons using paired-samples t-tests were conducted when the main age 
effect or interaction was significant (p < .05).  Significant post-hoc tests (p < .05), when found, 
are indicated by identical letter subscripts next to the marginal means. 
* p < .05.   
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Table 6 
     
Rate of Full Babbling by Age and Context 
 
Age (Months)  
6 7 8 9 Marginal Mean (SE) 
Solitary Context M(SE) .27 (.14) .05 (.03) .42 (.19) .82 (.29) .39 (.11) 
Dyadic Context M(SE) .08 (.05) .28 (.17) .26 (.06) .52 (.15) .29 (.07) 
Marginal Mean (SE)  .18a,b (.08) .16c (.08) .34b (.11) .67a,c (20) ----- 
Age Main Effect F(1.86, 26.06) = 4.00,  p = .033*, ηp2 = .22   
Context Main Effect F(1, 14) = 0.96, p = .343, ηp2 = .06   
Interaction Effect F(3, 42) = 1.83, p = .176, ηp2 = .12   
Note. Planned comparisons using paired-samples t-tests were only conducted when the main age 
effect or interaction was significant (p < .05).  Significant post-hoc tests (p < .05), when found, 
are indicated by identical letter subscripts next to the marginal means. 
* p < .05.   
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Table 7 
     
Rate of All Rhythmic Motor Movements by Age and Context 
 
Age (Months)  
6 7 8 9 Marginal Mean (SE) 
Solitary Context M(SE) 1.64 (.41) 1.59 (.33) 1.65 (.30) 1.26 (.24) 1.54 (.16) 
Dyadic Context M(SE) .86 (.23) .99 (.18) 1.35 (.26) 1.39 (.24) 1.15 (.14) 
Marginal Mean (SE)  1.25 (.28) 1.29 (.19) 1.50 (.20) 1.32 (.20) ----- 
Age Main Effect F(3, 42) = 0.26,  p = .854, ηp2 = .02   
Context Main Effect F(1, 14) = 4.80, p = .046*, ηp2 = .26   
Interaction Effect F(3, 42) = 1.20, p = .274, ηp2 = .09   
* p < .05.  
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Table 8 
     
Rate of Manual Rhythmic Motor Movements by Age and Context 
 
Age (Months)  
6 7 8 9 Marginal Mean (SE) 
Solitary Context M(SE) 1.04 (.25) 1.03 (.26) 1.17 (.32) .95 (.22) 1.05 (.17) 
Dyadic Context M(SE) .59 (.19) .73 (.17) .97 (.27) 1.11 (.27) .85 (.15) 
Marginal Mean (SE)  .82 (.20) .88 (.20) 1.07 (.23) 1.03 (.21) ----- 
Age Main Effect F(2.43, 34.04) = 0.47,  p = .664, ηp2 = .03   
Context Main Effect F(1, 14) = 1.91, p = .188, ηp2 = .12   
Interaction Effect F(3, 42) = 1.00, p = .403, ηp2 = .07   
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Table 9 
     
Rate of Non-Manual Rhythmic Motor Movements by Age and Context 
 
Age (Months)  
6 7 8 9 Marginal Mean (SE) 
Solitary Context M(SE) .82 (.37) .72 (.31) .67 (.15) .37 (.11) .65 (.13) 
Dyadic Context M(SE) .30 (.08) .29 (.10) .45 (.11) .37 (.10) .35 (.06) 
Marginal Mean (SE)  .56 (.20) .51 (.15) .56 (.11) .37 (.09) ----- 
Age Main Effect F(2.32, 32.44) = 0.41,  p = .697, ηp2 = .03   
Context Main Effect F(1, 14) = 4.55, p = .051, ηp2 = .25   
Interaction Effect F(2.53, 35.48) = 0.76, p = .504, ηp2 = .05   
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Table 10 
     
Proportion of Rhythmic Motor Movements Coordinated with Vocalizations by Age and Context 
 
Age (Months)  
6 7 8 9 Marginal Mean (SE) 
Solitary Context M(SE) .37 (.08) .21 (.05) .29 (.07) .32 (.07) .30 (.04) 
Dyadic Context M(SE) .18 (.07) .12 (.03) .22 (.04) .24 (.06) .19 (.03) 
Marginal Mean (SE)  .27 (.04) .17 (.03) .26 (.05) .28 (.06) ----- 
Age Main Effect F(1.98, 27.78) = 1.37,  p = .272, ηp2 = .09   
Context Main Effect F(1, 14) = 3.90, p = .068, ηp2 = .22   
Interaction Effect F(1.93, 27.01) = 0.72, p = .490, ηp2 = .05   
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Table 11 
     
Proportion of Manual Rhythmic Motor Movements Coordinated with Vocalizations by Age and 
Context 
 
Age (Months)  
6 7 8 9 Marginal Mean (SE) 
Solitary Context M(SE) .31 (.09) .22 (.07) .22 (.06) .22 (.06) .24 (.05) 
Dyadic Context M(SE) .07 (.04) .08 (.03) .22 (.06) .21 (.08) .15 (.03) 
Marginal Mean (SE)  .19 (.04) .15 (.03) .22 (.05) .21 (.06) ----- 
Age Main Effect F(3, 42) = 0.53,  p = .665, ηp2 = .04   
Context Main Effect F(1, 14) = 2.58, p = .131, ηp2 = .16   
Interaction Effect1 F(3, 42) = 2.53, p = .070, ηp2 = .15   
1 Refer to Figure 3. 
* p < .05. 
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Table 12 
     
Proportion of Rhythmic Motor Movements Coordinated with Babbling by Age and Context 
 
Age (Months)  
6 7 8 9 Marginal Mean (SE) 
Solitary Context M(SE) .01 (.01) .00 (.00) .05 (.03) .11 (.05) .04 (.01) 
Dyadic Context M(SE) .01 (.01) .03 (.02) .03 (.01) .03 (.01) .02 (.01) 
Marginal Mean (SE)  .01 (.01) .02 (.01) .04 (.02) .07 (.03) ----- 
      
Age Main Effect F(1.77, 24.75) = 2.37,  p = .120, ηp2 = .15   
Context Main Effect F(1, 14) = 1.19, p = .294, ηp2 = .08   
Interaction Effect F(1.61, 22.52) = 2.01, p =.163, ηp2 = .13   
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Table 13 
     
Proportion of Manual Rhythmic Motor Movements Coordinated with Babbling by Age and 
Context 
 
Age (Months)  
6 7 8 9 Marginal Mean (SE) 
Solitary Context M(SE) .00 (.00) .00 (.00) .03 (.02) .04 (.02) .02 (.01) 
Dyadic Context M(SE) .01 (.01) .02 (.01) .02 (.01) .03 (.02) .02 (.01) 
Marginal Mean (SE)  .01 (.01) .01 (.01) .03 (.01) .03 (.01) ----- 
Age Main Effect F(1/88, 42) = 1.59,  p = .224, ηp2 = .10   
Context Main Effect F(1, 14) = 0.05, p = .831, ηp2 = .00   
Interaction Effect F(1.76, 24.59) = 0.53, p =.574, ηp2 = .04   
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Table 14     
Analysis of Age and Laterality Effects on Rhythmic Motor and Manual Movement Variables 
Variables (Rate per Minute) df F p ηp2 
Motor Movements Age Effect 3, 42 1.33 .127 .13 
                                     Laterality Effect 2, 28 0.29 .749 .02 
                                     Age * Laterality 6, 84 1.53 .178 .10 
Manual Movements Age Effect 3, 42 1.33 .276 .09 
                                   Laterality Effect 1, 14 0.36 .558 .03 
                                     Age * Laterality 3, 42 0.78 .513 .05 
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Table 15     
Analysis of Age and Laterality Effects on Coordinated Motor-Vocal Variables 
Variables (Rate per Minute) df F p ηp2 
Motor Coordinated with Vocalizations Age Effect 3, 42 0.49 .694 .03 
                                     Laterality Effect 1, 14 3.14 .098 .18 
                                     Age * Laterality 3, 42 2.90 .046* .17 
Manual Coordinated with Vocalizations Age Effect 3, 42 0.79 .506 .05 
                                     Laterality Effect 1, 14 6.08 .027* .30 
                                     Age * Laterality 3, 42 1.27 .297 .08 
Motor Coordinated with Babbling  Age Effect 3, 42 0.79 .504 .05 
                                     Laterality Effect 1, 14 0.00 .961 .00 
                                     Age * Laterality 3, 42 1.21 .319 .08 
Manual Coordinated with Babbling Age Effect 3, 42 0.74 .535 .05 
                                     Laterality Effect 1, 14 0.65 .433 .05 
                                     Age * Laterality 3, 42 2.21 .101 .14 
* p < .05     
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Table 16     
Analysis of Relative Duration Spent in Each Posture 
Variables df F p ηp2 
Supine                          Age Effect 3, 42 8.86 .000* .39 
                                     Context Effect 1, 14 0.69 .419 .05 
                                     Age * Context 1.98, 27.71 0.01 .998 .00 
Prone                           Age Effect 3, 42 1.67 .188 .11 
                                     Context Effect 1, 14 3.04 .103 .18 
                                     Age * Context 3, 42 0.61 .613 .04 
Upright                         Age Effect 3, 42 0.77 .517 .05 
                                     Context Effect 1, 14 4.44 .054  .24 
                                     Age * Context 1.93, 27.07 0.18 .832 .01 
Locomoting                 Age Effect 1.47, 20.64 9.93 .002* .42 
                                     Context Effect 1, 14 7.80 .014* .36 
                                     Age * Context 1.60, 22.35 6.21 .001* .31 
* p < .05.       
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Table 17     
Relative Duration Spent in Each Posture at Each Age 
                                                               Age in Months  
                                                                M (SE) 
Postures 6 7 8 9 
Supine .30 (.06) .17 (.05) .11 (.04) .09 (.04) 
Prone  .10 (.04) .15 (.06) .22 (.06) .11 (.04) 
Upright  .60 (.06) .67 (.08) .64 (.08) .69 (.07) 
Locomoting .00 (.00) .00 (.00) .04 (.02) .11 (.03) 
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Table 18     
Analysis of Age and Posture Effects on Rhythmic Motor Movement Rate Variables 
Rhythmic Motor Movement Variables df F p ηp2 
All Motor  Age Effect 3, 42 2.01 .127 .13 
                                     Posture Effect 2, 28 0.29 .749 .02 
                                     Age * Posture 6, 84 1.53 .178 .10 
Manual Motor Age Effect 3, 42 1.52 .224 .10 
                                     Posture Effect 1.43, 20.03 10.33 .002* .43 
                                     Age * Posture 4.25, 59.53  0.69 .613 .05 
Non-manual Motor Age Effect 3, 42 1.51 .226 .10 
                                     Posture Effect 2, 28 2.64 .089  .16 
                                     Age * Posture 4.69, 65.72 2.16 .074 .13 
* p < .05.  
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Table 19     
Analysis of Age and Posture Effects on Vocalization Rate Variables 
Vocalization Variables df F p ηp2 
All Vocalizations  Age Effect 2.13, 29.84 1.01 .379 .07 
                                     Posture Effect 2, 28 0.153 .859 .01 
                                     Age * Posture 2.20, 30.78 1.60 .218 .10 
Complex Vocals Age Effect 2.15, 30.03 4.44 .019* .24 
                                     Posture Effect 2, 28 0.65 .531 .43 
                                     Age * Posture 6, 84 2.81 .015* .17 
Full Babbling Age Effect 2.36, 33.02 3.76 .028* .21 
                                     Posture Effect 2, 28 1.30 .289  .09 
                                     Age * Posture 5.23, 73.23 3.19 .011* .19 
* p < .05. 
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Table 20     
Analysis of Age and Posture Effects on Coordination Rate Variables 
Coordination Variables df F p ηp2 
Motor Movements Coordinated with Vocalizations     
 Age Effect 2.26, 31.61 1.58 .220 .10 
                                     Posture Effect 1.57, 22.00 0.87 .410 .06 
                                     Age * Posture 2.42, 33.88 1.27 .298 .08 
Manual Movements Coordinated with Vocalizations     
 Age Effect 3, 42 1.45 .242 .09 
 Posture Effect 1.25, 17.46 6.74 .014*  .33 
 Age * Posture 3.29, 46.05 1.93 .133 .12 
Motor Movements Coordinated with Babbling     
 Age Effect 3, 42 1.05 .380 .07 
 Posture Effect 2, 28 2.62 .091  .16 
 Age * Posture 3.47, 48.53 3.42 .020* .20 
Manual Movements Coordinated with Babbling     
 Age Effect 2.64, 37.01 0.75 .514 .05 
 Posture Effect 2, 28 3.29 .052  .19 
 Age * Posture 3.58, 50.15 1.44 .238 .09 
* p < .05.      
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Figure 1. Rate of vocalization types by age. There were no significant age effects 
when examining all vocalizations together or simple vocalizations alone.  A 
significant age effect was found for complex vocalizations.  Planned comparisons 
using paired samples t-tests showed significant differences between the 6- and 9-
month visits as well as between the 7- and 9-month visits, p < .05.  A significant age 
effect was also found for full babbling.  Planned comparisons using paired samples 
t-tests showed significant differences between the 6- and 8-month visits, 6- and 9-
month visits, and the 7- and 9-month visits, p < .05.  Error bars represent standard 
errors.   
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Figure 2. Rates of rhythmic motor movements coordinated with vocalizations by 
laterality and age.  A significant interaction revealed age-related increases in the rate 
of unilateral rhythmic motor movements coordinated with vocalizations and non-
significant age-related changes for bilateral coordinated rhythmic motor movements.  
Planned comparisons using paired-samples t-tests showed significant increases 
between ages 7- and 9-months only for unilateral rhythmic coordinated movements, p 
< .05.  Error bars represent standard errors.          
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Figure 3. Rate of rhythmic motor movements by posture.  A significant posture 
effect was only found for rates of manual motor movements.  Planned 
comparisons using paired-samples t-tests showed significantly higher rates 
manual movements for the upright posture compared to the supine and prone 
postures, p < .05.  Error bars represent standard errors.   
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Figure 4. Rate of complex vocalizations by age and posture.  A significant age by 
posture interaction was found for complex vocalizations.  Planned comparisons 
using paired-samples t-tests showed that rates increased significantly in the upright 
position between the 7- and 9-month and the 6- and 9-month visits, p < .05, 
whereas in the supine position the vocalization rates significantly decreased 
between the 8-, and 9-month visits, p < .05.  No significant differences by age were 
found for the prone position, p > .05.  Error bars represent standard errors.   
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Figure 5. Rate of full babbling by age and posture.  A significant age by posture 
interaction was found for babbling.  Planned comparisons using paired-samples t-
tests showed that babbling rates increased significantly in the upright position 
between the 6- and 9-month and the 8- and 9-month visits, p < .05.  In the prone 
position, there was a significant increase in babbling between the 7- and 8-month 
visit, and a significant decrease between 8- and 9-months, p < .05.  No significant 
differences by age were found for babbling in the supine position, p > .05.  Error 
bars represent standard errors.   
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Figure 6. Rates of motor and manual movements coordinated with vocalizations by 
posture.  A significant posture effect was found for all manual movements 
coordinated with vocalizations.  Planned comparisons showed significantly higher 
rates in the upright position compared to the supine and prone positions, p < .05.  
Error bars represent standard errors.   
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Figure 7. Rate of motor movements coordinated with babbling by age and posture.  
A significant age by posture interaction was found.  For the upright position, 
planned comparisons using paired-samples t-tests showed marginally significant 
increases between the 6- and 9-month visits, p = .064, and between the 7- and 9-
month visits, p = .055.  There were no significant or marginally significant (p < .10) 
age-related changes for the supine or prone positions.  Error bars represent 
standard errors.   
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Figure 8. Scatterplot for Motor Milestone Survey at 7-months and the Proportion of 
Motor-Vocal Coordination Bouts at 9-months.  A significant negative correlation was 
found between infants’ motor milestone score taken at 7-months and the proportion 
of motor movements that are coordinated with vocalizations at 9-months.  Error 
bars represent standard errors.   
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Appendix A 
Infant Coding Guide for Motor Movements and Posture 
Infant Rhythmic Motor movements- Code as a rhythmic movement if same action repeats 2 
times or more per second (2 cycles per second). 
Movement Subtype Description 
LEGS-
FEET 
 
Both legs kick 
 
Single Leg kick 
Foot rub 
Flexion and extension of two legs (for the majority of the 
action), either simultaneous or in alternation 
Flexion and extension of one leg 
The medial surface of the heel and foot rub against the ankle 
and foot of the opposite leg 
 
TORSO Bounce 
Rock 
Torso moves up and down 
Back and forth movement 
 
ARMS 
 
 
 
 
 
 
 
 
Swing 
 
 
Shake 
 
 
Bang 
 
 
Vertical movement of the arm from the shoulder with no 
object in the hand and no contact with an object or surface 
 
Identical to swing, except with an object held in the hand.  No 
contact with an object or surface 
 
Same general movement as swing, but the hand or an object 
held in the hand makes firm contact with another object or 
surface on a downward stroke.    
 
HANDS Flex 
Twist 
Open-Close 
Bending and Extending of Wrist 
Rotation of the wrist back and forth  
Open and closing of hands  
 
HEAD Roll side to side 
Roll front to back 
Lateral rotation of head (similar to headshake) 
Forward-backward movement (similar to head nod) 
 
MOUTH Mouth opening 
Tongue Protrusion 
Mouthing Object 
Mouth opening/closing 2 times per second w/o making sound 
Sticking out tongue at least 2 times per second  
Mouthing Object  
 
POSTURE: Code only if posture is maintained for at least 1 second or greater 
 Supine (lie on back) 
 Prone (lie on stomach; upper body can be elevated or on floor as well) 
 Side leaning (resting along side of body; typically transition to/from supine/prone postures) 
 Upright sitting with support  (can be sitting on parent’s lap or propped up by chair, pillows, etc.)  
 Upright sitting without support (sitting on own without being propped up by pillow or parent) 
 Self-Locomoting (crawling, scooting, or walking at least one foot of distance or greater) 
 On all Fours (like crawling, but with no locomotion; like prone but stomach not resting on floor) 
 Standing with support (holding onto parent or furniture to keep upright) 
 Standing without support (not holding onto anything while standing) 
 Held (typically suspended in air or lifted by mom, usually a temporary position) 
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Appendix B 
Infant Coding Guide for Vocalizations 
 
Infant Vocalizations-  
 
Code as a separate vocalization if followed or preceded by one second or greater of silence; each 
vocalization must be WITHIN a single expiration (breath); if you hear a breath in between two 
sounds, you will code these 2 sounds as two separate vocalizations, even if space between 
vocalizations is less than a second.  Use visual and/or auditory cues of breathing.  
   
Category (VOCTYPE) Example 
   
   Fixed signals 
  
   Raspberries 
 
   Single vowel sounds  
 
   Single CV syllable 
 
   Marginal Babbling 
    
 
 
   Full Babbling 
        
 
 
               Reduplicated  
               Variegated 
 
   Gurgle/Growl 
 
   Squeal 
 
   Closed Mouth 
 
   Uncodable 
  
 
Laughter, cry/fuss, hiccup/cough 
 
Vocal play; sounds made by blowing lips together 
 
Vowel sounds, no consonants preceding (a, o, e, i, u) 
 
Single CV (consonant vowel) or CVC syllable (i.e., ba, he, ma, aba) 
 
Repeated CV syllables with slow formant transitions (> 2 per sec) 
Syllables must be contained within a single expiration; if breaths 
are heard in between syllables, code as single CV 
 
2+ rapid CV syllable repetitions <= 2 syllables per second 
Syllables must be contained within a single expiration; if breaths 
are heard in between syllables, code as single CV 
     1 same CV combination repeated (baba, mamama, dedede) 
     2+ different CV combinations repeated (bama, danunu, abamana) 
 
Low-pitched gutteral sound / gurgling sounds in back of throat 
 
High-pitched screeching sound 
 
Phonated sound; but with mouth closed (not vowel sound) 
 
Infant vocalization type is not detectable due to external noise or 
audio malfunction or does not fit clearly into above categories.  
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ID:________ 
Infant’s Age:______ 
Infant’s Gender: ____________ 
Visit:_____ 
 
 
Is your baby doing any of the following?: 
 
Sitting up alone    Y/N 
Moving objects from one hand to another Y/N 
Reaching for objects    Y/N 
Pulling body (army crawl)   Y/N 
Positioning self on all fours   Y/N 
Rocking on all fours    Y/N 
Making forward progress by any means Y/N 
Pulling self to stand    Y/N 
Cruising     Y/N 
Standing with assistance   Y/N 
Walking with assistance   Y/N 
 
 
 
